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Abstract 
Bifacial fabrics, with a single jersey on one face and a plain weave on the other, were produced on a purpose-built machine. Thermal comfort properties of bifacial fabrics were compared with conventional woven and knitted fabrics and the effect of weft density and loop length of bifacial fabrics on their thermal comfort properties was investigated. While different fabric structures were produced with the same wool, acrylic and polyester yarns, the findings confirmed that the bifacial fabric is warmer (lower total heat loss) and more breathable (higher permeability index ()) than the corresponding woven and knitted fabrics. Increasing loop length of bifacial fabrics enhanced evaporative resistance, air permeability, warm feeling, thermal resistance and water vapour permeability index, yet reduced total heat loss. An increase in weft density of bifacial fabrics led to higher evaporative resistance, warmer feeling, higher thermal resistance, and lower air permeability and total heat loss. However, permeability index did not change with an increase in weft density. This study suggests that thermal comfort properties of bifacial fabrics can be optimized by modifying structural parameters to engineer high performance textiles.
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Introduction
The thermal properties of apparel fabrics are one of the most important properties affecting human perception of comfort.1 Since temperature differentials typically exist between the skin and the outside environment, the skin releases heat, leading to comfort or discomfort depending on the rate of heat loss. The apparel fabrics between the skin and the environment have a significant influence on the heat loss.2 
Heat released from the skins is normally in two forms, evaporation and sensible heat transfer3-6 (including conduction, convection and radiation)7. However, in actual wearing circumstances, it is impossible to separate heat and moisture transfer through clothing. Therefore, assessing the combination of the evaporation and heat transfer is a key part of determining the thermal comfort properties of fabrics.
The permeability index (), as defined by the relationship between thermal resistance and evaporative resistance, is generally used to determine the thermal comfort properties or breathability of fabrics. The permeability index  is a measure of the efficiency of evaporative heat transport in a clothing system.8 An  of zero means that no evaporative heat transfer can occur in the clothing system, while an  of one is the theoretical maximum evaporative heat transfer in the clothing system. A permeability index of 0.3 is thought to give the optimum thermal comfort by clothing.9 
There are several variables that affect the permeability index (thermal comfort properties) in a steady state, such as fabric thickness, air permeability, moisture regain, thermal conductivity and drying time.10 While the correlation between air permeability and permeability index is positive, correlation between the permeability index and the other variables is negative. 
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Total heat loss is another measure of thermal comfort, which is different from the permeability index in three ways.1, 8 Total heat loss and the permeability index are measured under different conditions (ambient temperature and humidity). The total heat loss is the amount of heat flux including dry and evaporative heat exchanges, while the permeability index is the efficiency of evaporative heat transfer through a clothing system. The total heat loss is expressed in watts per square meter (W/m2), while the permeability index is dimensionless. Since the total heat loss is the amount of heat flux transferring through a clothing system, the lower the value of total heat loss, the warmer the clothing is in cold environments.
Inspired by natural leaves with different appearances and functionalities on two faces, bifacial fabrics for apparel uses were designed and manufactured.11 Bifacial fabrics show a unique appearance, with a knitted structure on one face and a woven structure on the other, as shown in Figure 1. We have reported that the evaporative resistance of bifacial fabrics is slightly higher than that of comparable knitted and woven fabrics, and water spreading and absorption on the woven face of bifacial fabrics are quicker than that on their knitted face.12{Zhu, 2017 #663} The thermal resistance of bifacial fabrics is also higher than that of the knitted and woven fabrics, and the bifacial fabrics have lower air permeability, yet are warmer to touch than knitted and woven fabrics.13 In addition, water spreading, evaporative and thermal resistance on two faces of the bifacial fabric are different.12, 13 This is due to the unique pore distribution across its thickness direction.14 Bifacial fabrics also have unique mechanical properties,15 such as two breakages (two peaks in the load-extension curves) in both the warp and weft directions.
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(a)                                                                             (b)
Figure 1. Appearances of (a) two faces and (b) cross-section in the warp direction of the bifacial fabric.12 

In this study, the thermal comfort properties (permeability index and total heat loss) of woven, knitted and bifacial fabrics are compared. The effect of weft density and loop length of bifacial fabrics on thermal resistance, evaporative resistance, thermal-contact feeling, permeability index and total heat loss are investigated. This information may help to design and manufacture high performance fabrics with tuneable comfort.
Experimental details
Materials
Table 1 shows the details of the fabrics produced. Woven (plain weave) and knitted (single jersey) fabrics were produced on a weaving machine (CCI, Taiwan) and a knitting machine (Shima Seiki SES, Japan), respectively. The bifacial fabrics were manufactured on a purpose-built machine.12 
It is well known that materials (fibres and yarns) have significant influence on fabric properties. Therefore, in this study all fabrics were produced with the same yarns to remove the fibre and yarn influence. As a result, the differences in the fabric properties can be considered to be caused by fabric structures.
Properties of fabrics manufactured in this study were compared to a bench-mark fabric (BM) to provide an estimation where bifacial fabrics stand in the existing commercial fabric spectrum. It was difficult to find the BM fabric in the market similar to the fabrics used in this study with exactly the same materials and structural parameters. Therefore, a pure wool single jersey knitted fabric with a similar thickness was selected as the BM fabric.

Table 1. The details of fabric samples investigated in this study.
	Fabric
	Warp yarns
	Weft/loop yarns
	Loop length (mm)
	Weft density
(picks/cm)

	
	Material
	Count
	Materiala
	Count
	
	

	W
	Woven
	100% polyester
	56 tex
	35% acrylic 65% wool
	65 tex
	N/A
	22

	K
	Knitted
	N/A
	35% acrylic 65% wool
	65 tex
	5.5
	N/A

	BF1
	Bifacial
	[bookmark: OLE_LINK32]100% polyester
	[bookmark: OLE_LINK37]56 tex
	[bookmark: OLE_LINK35][bookmark: OLE_LINK36]35% acrylic 65% wool
	[bookmark: OLE_LINK38]65 tex
	5.5
	14

	[bookmark: _Hlk379557038]BF2
	Bifacial
	100% polyester
	56 tex
	35% acrylic 65% wool
	65 tex
	5.5
	18

	BF3
	Bifacial
	100% polyester
	56 tex
	35% acrylic 65% wool
	65 tex
	5.5
	22

	BF4
	Bifacial
	100% polyester
	56 tex
	35% acrylic 65% wool
	65 tex
	5
	18

	BF5
	Bifacial
	100% polyester
	56 tex
	35% acrylic 65% wool
	65 tex
	6
	18

	BM
	BMb
	N/A
	
	100% wool
	75/2 tex
	6.2
	N/A


a Weft/loop yarns are the same except their colours;
b Bench-mark fabrics (single jersey, gauge: 14, fibre diameter: 21.9 µm, and cover factor: 1.28).

Methods
[bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK33][bookmark: OLE_LINK34]Fabric thickness, gram per square meter (GSM), thermal-contact feeling, evaporative resistance and thermal resistance were determined as described previously.12,13 Briefly, the fabric thickness was measured according to ASTM D1777-96 (2011) using an Absolute Digimatic ID-C 1012PB thickness gauge (Mitutoyo Corp, Japan). The thermal-contact feeling was measured using a Thermo Labo Ⅱ (KES-F7, KATO Tech Co. Japan). Tests of thermal resistance () and evaporative resistance () were conducted using a Sweating Guarded Hotplate/Espec Chamber (Measurement Technology Northwest, USA) according to standard test method ASTM F1868-12 part A and B, respectively.
Permeability index
The permeability index for a fabric system alone was calculated using Equation (1).8 
                                                             (1)
where  is the permeability index (dimensionless);  is the fabric intrinsic insulation value12 calculated using Equation (2);16 and the  is the fabric intrinsic evaporative resistance12 calculated using Equation (3). 16
                                                    (2)
where  is the total resistance to dry heat transfer provided by the fabric system and air layer (K·m2/W);  is the bare plate thermal resistance (K·m2/W);  is the area of the plate test section (m2);  is the temperature at the plate surface (℃); is the air temperature (℃) and  is the power input (W).
                                                     (3)
where  is the resistance to evaporative heat transfer provided by the fabric system and air layer (kPa·m2/W);  is the bare plate evaporative resistance (kPa·m2/W);  is the area of the plate test section (m2);  is the water vapour pressure at the plate surface (kPa);  is the water vapour pressure in the air (kPa) and  is the power input (W).
Total heat loss
Tests of total heat loss were carried out using the Sweating Guarded Hotplate/Espec Chamber (Measurement Technology Northwest, USA) according to standard test method ASTM F1868-12 (part C). The temperature of the test plate, guard section and bottom plate was controlled at 35 ± 0.1 ℃, while the ambient temperature and air velocity were 25 ± 0.1 ℃ and 1 ± 0.1 m/s, respectively. The relative humidity was maintained at 65 ± 4 % during a test. 
Once thermal resistance of the bare plate () was obtained, three samples (50 cm × 50 cm) from each fabric were measured to achieve the total resistance to dry heat transfer () provided by the fabric system and air layer. Then the intrinsic thermal resistance () provided by the fabric sample alone was calculated by subtracting the thermal resistance for the air layer () from the total thermal resistance (). Finally, the average of three measurements was reported as the intrinsic thermal resistance of the fabric. 
The  of the sample was achieved in a similar manner to the . After the bare plate evaporative resistance () was obtained, three samples (50 cm × 50 cm) from each fabric were measured to achieve the total evaporative resistance (). Then the resistance to evaporative heat transfer () provided by the fabric sample alone was calculated by subtracting the evaporative resistance for the air layer and liquid barrier () from the total evaporative resistance (). Finally, the average of three trials was reported.
The total heat loss of the samples was calculated using the Equation (4).16 
                                            (4)
where  is the total heat loss (W/m2);  is the average intrinsic thermal resistance (K·m2/W); and the  is the average intrinsic evaporative resistance (kPa·m2/W) of the fabric.
Statistical analysis
Results of thermal-contact feeling (n=20, number of tests), thermal resistance (n=6, number of tests) and evaporative resistance (n=6, number of tests) were tested statistically for significance of differences using a one-way analysis of variance (ANOVA; SPSS Statistics 23, IBM).
Results and discussion
Permeability index
Average of thickness, gram per square meter (GSM) and volumetric density and the standard deviation (s.d) of fabrics are summarised in Table 2. Table 3 shows the permeability index of the bench-mark (BM), woven, knitted and bifacial fabrics. The permeability index of the bifacial fabric is higher than the woven and knitted fabrics but slightly lower than the BM fabric.

Table 2. Thickness, gram per square meter (GSM) and volumetric density (mean ± s.d) of fabric samples.
	Fabric
	Thickness (mm)
	GSM (g/m2)
	Volumetric density (g/cm3)

	W
	0.86 ± 0.01
	203 ± 2.3
	0.237 ± 0.003

	K
	1.23 ± 0.03
	246 ± 4.1
	0.199 ± 0.003

	BF1
	1.28 ± 0.03
	299 ± 3.8
	0.234 ± 0.003

	BF2
	1.55 ± 0.04
	330 ± 6.7
	0.213 ± 0.004

	BF3
	1.73 ± 0.03
	400 ± 4.5
	0.231 ± 0.003

	BF4
	1.34 ± 0.03
	311 ± 3.6
	0.232 ± 0.003

	BF5
	1.93 ± 0.05
	393 ± 7.1
	0.204 ± 0.004

	BM
	1.59 ± 0.04
	245 ± 3.2
	0.154 ± 0.002



[bookmark: _Toc458087264]Table 3. Thermal resistance, evaporative resistance and the corresponding permeability index () of the BM, W, K and BF3 fabrics.
	Fabric
	 (K·m2/W) b
	 (Pa·m2/W) b
	
	Air permeability (cm3/cm2/s)13

	BM
	0.034 ± 0.001
	4.24 ± 0.08
	0.48
	117 ± 4

	W
	0.032 ± 0.001
	5.33 ± 0.09
	0.36
	44 ± 4

	K
	0.034 ± 0.001
	5.08 ± 0.04
	0.41
	114 ± 4

	BF3 knitted facea
	0.042 ± 0.003
	6.05 ± 0.05
	0.42
	33 ± 1

	BF3 woven face
	0.050 ± 0.001
	6.38 ± 0.09
	0.47
	33 ± 1


a The knitted face was adjacent to the test plate;
b The difference between two faces of the bifacial fabric is statistically significant at the 0.05 level.


In this study, knitted fabrics with a greater air permeability showed a higher permeability index than woven fabrics. Even though the woven and knitted fabrics have similar volume porosity,14 the knitted fabric has larger pores inside than the woven fabric, which may enhance the air permeability and result in higher thermal and lower evaporative resistance, leading to higher permeability index. Interestingly, the bifacial fabric with lower air permeability has a slightly higher permeability index than that of the knitted fabric. Earlier studies showed that the bifacial fabric has a larger amount of pores and larger pores than the knitted and woven fabrics,14 thus resulting in higher permeability index. The lower air permeability of the bifacial fabrics is caused by the unique structure with more covered pores in the thickness direction, which can be observed on its cross-sections.14
Bifacial fabrics have unique evaporative and thermal resistance properties because of the different morphologies, with a knitted structure on one face and a woven structure on the other.12, 13 Specifically, there are more and bigger pores in the knitted structure than that in the woven structure.14 These properties influence the water vapour permeability index, which is higher on the woven face (0.47) than that on the knitted face (0.42). Both of these values are higher than the quoted optimum thermal comfort value of 0.3.9 The bifacial fabric still has good thermal comfort. Because the value of the optimum permeability index is a starting point to prevent evaporation of the accumulated moisture,10 and above that point the breathability of fabrics increases gradually. In addition, the permeability index of the bifacial fabric is quite close to the BM fabric. 
[bookmark: _Toc457655177]Total heat loss
The total heat loss of the bench-mark, woven, knitted and bifacial fabrics is shown in Table 4. The bifacial fabric with the greatest thickness and weight (Table 2) has the lowest total heat loss. The difference on two faces of the bifacial fabric is caused by the different morphology as discussed in previous studies.12-14 

[bookmark: _Toc458087265]Table 4. Total heat loss () of the BM, W, K and BF3 fabrics.
	Fabrics
	 (K·m2/W) b
	 (Pa·m2/W) b
	 (W/m2)

	BM
	0.037 ± 0.0001
	4.08 ± 0.13
	600.8

	W
	0.035 ± 0.0002
	4.94 ± 0.28
	556.8

	K
	0.037 ± 0.0017
	4.36 ± 0.05
	584.1

	BF3 knitted facea
	0.043 ± 0.0008
	6.12 ± 0.24
	491.3

	BF3 woven face
	0.046 ± 0.0004
	6.56 ± 0.06
	470.6


a The knitted face was adjacent to the hot plate; 
b The difference between two faces of the bifacial fabric is statistically significant at the 0.05 level.


The bifacial fabric shows the lowest heat loss compared to the other fabrics (Table 4), as a result of its dense structure (Table 2). The dense structure decreases air permeability and thus increases the evaporative resistance, while the air layer is primarily responsible for a higher thermal resistance. 3, 17 3, 17  Bifacial fabrics have higher evaporative and thermal resistance, so lose less heat in total, and can perform better in cold environments, which shows advantages of the unique bifacial structure in keeping warm.
[bookmark: _Toc457655180]Effect of weft densities and loop lengths of bifacial fabrics on thermal comfort properties
Evaporative resistance
The effect of weft densities and loop lengths on the evaporative resistance of bifacial fabrics is shown in Figures 2 and 3, respectively. Increasing weft density and loop length of bifacial fabrics increases evaporative resistance.

[bookmark: _Toc438572281][bookmark: _Toc458087249]Figure 2. Effect of weft density on evaporative resistance of bifacial fabrics (BF1, 2 and 3) (■ – knitted face down; ▲ – woven face down, error bars show the standard deviation).


[bookmark: _Toc438572282][bookmark: _Toc458087250]Figure 3. Effect of loop length on evaporative resistance of bifacial fabrics (BF4, 2 and 5) (■ – knitted face down; ▲ – woven face down, error bars show the standard deviation).

Increasing weft density decreases the spaces between weft yarns (D2 < D1, Figure 4 (a) and (b)) in the woven structure of bifacial fabrics, resulting in narrower channels between the yarns.18 These channels are the main aisles for transferring water vapour, and determine the ability of water vapour to transfer through the fabric. Therefore, the narrower channels decrease the water vapour transfer and lead to a higher evaporative resistance.
When the loop length of bifacial fabrics increases, weft density is kept constant. The loops expand themselves in two directions (thickness and weft), due to their needle and sinker arcs being fixed by the woven structure.18 In the thickness direction, loop arms bend gradually, and fabric thickness increases accordingly (H2 > H3, Figure 4 (b) and (c)). The thickness of the air layer entrapped in the fabric increases as well, and leads to an increase in evaporative resistance. The loops also extend their arms in the weft direction. This movement allows the loop arms to fill more spaces between the wales, which results in smaller channels on the knitted face of bifacial fabrics. Therefore, evaporative resistance of bifacial fabrics increases with an increase in loop length.
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(a)
[image: ]
(b)
[image: ]
(c)
Figure 4. Schematics of relationship between thickness and parameters (loop length and weft density) of bifacial fabrics with (a) primary mode, (b) the effect of weft density (D1>D2, H1<H2) and (c) the effect of loop length (H2>H3). (W1, W2 and W3 - weft yarns; L1, L2 - loop yarns; D1, D2 - distance between weft/loop yarns; H1, H2 and H3 - height of loops in the thickness direction).

[bookmark: _Toc457655183]Thermal resistance
The effects of weft density and loop length on thermal resistance of bifacial fabrics are shown in Figures 5 and 6, respectively.  Both figures show an increasing trend of thermal resistance with an increase in both weft density and loop length.

[bookmark: _Toc438572283][bookmark: _Toc458087251][bookmark: OLE_LINK44][bookmark: OLE_LINK45]Figure 5. Effect of weft density on thermal resistance of bifacial fabrics (BF1, 2 and 3) (■ – knitted face down; ▲ – woven face down, error bars show the standard deviation).


[bookmark: _Toc438572284][bookmark: _Toc458087252]Figure 6. Effect of loop length on thermal resistance of bifacial fabrics (BF4, 2 and 5) (■ – knitted face down; ▲ – woven face down, error bars show the standard deviation).

Increasing weft density gives a higher fabric weight. Fabrics with higher weight tend to be warmer (higher thermal resistance) than lighter fabrics. Increasing weft density also decreases the distance between weft yarns. However, the loop length does not change to adapt to the narrow space between weft yarns, and the loop arms have to bend more sharply to link the needle and sinker arcs of loops. This movement increases both fabric thickness and air layer thickness within the fabric, which determines thermal resistance. Therefore, increasing weft density also increases thermal resistance of bifacial fabrics. 
Since the needle and sinker arcs of loops are fixed by the woven structure of the bifacial fabric and limited by the distance between weft yarns (weft density), the straight distance between the needle and sinker arcs remains constant (Figure 4 (b) and (c)). Once loop length increases, the length of loop arms increases in fabric thickness direction, and the loop arms become longer and bend more heavily (Figure 4 (b)). This results in a higher fabric thickness and thicker air layer, leading to a higher thermal resistance.
[bookmark: OLE_LINK39][bookmark: _Toc457655182]Thermal-contact feeling
Figure 7 and 8 show that increasing weft density or loop length generally enhances the warm feeling of bifacial fabrics, where the feeling may be different on two faces. A higher  means the higher rate of heat energy transfers between the skin and the fabric surface, thus the fabric is cooler to touch.

[bookmark: _Toc458087271]
Figure 7. Effect of weft density on thermal-contact feeling of bifacial fabrics (BF1, 2 and 3) (■ – knitted face; ▲ – woven face, error bars show the standard deviation).


Figure 8. Effect of loop length on thermal-contact feeling of bifacial fabrics (BF4, 2 and 5) (■ – knitted face; ▲ – woven face, error bars show the standard deviation).

With an increase of warp or weft density in normal woven fabrics, the warp or weft yarns bend more heavily at the intersections. This means that the contact area on the intersections will be decreased when it is touched under a certain pressure. Therefore, increasing weft density decreases the contact area on the woven face of bifacial fabrics, leading to a warmer feeling.19
In bifacial fabrics, the sinker arcs of knitted loops are fixed by the woven structure, and they link to each other using their needle and sinker arcs (Figure 9). Increasing loop length gives loops extra yarns, and these yarns have to expand in the fabric thickness direction (H2 in Figure 4 (b)). In this way, the loop arms effectively bend and the bending points are the salient points. With continuous bending of the loop arms, the points become high and sharp, and the knitted face then is much rougher. As explained earlier, the rougher knitted face feels warmer due to smaller contact areas.

[image: ]      [image: ]
(a)                                (b) 
Figure 9. 3D sketches of the two faces of the bifacial fabric structure. (a) knitted face and (b) woven face.(warp yarns (green), weft yarns (red) and loop yarns (gray))12 

Permeability index
The effect of weft density on permeability index of bifacial fabrics is given in Figure 10. When weft density increases, the permeability index of bifacial fabrics approximately remains constant. Increasing weft density of bifacial fabrics increases the evaporative resistance and the thermal resistance. This is due to the smaller distance between weft and loop yarns in the bifacial fabric with higher weft density (D2 < D1, Figure 4), which causes smaller pores within the woven structure of bifacial fabrics. Moreover, the fabric weight and thickness of air layer trapped in the knitted structure of bifacial fabrics increase as shown in Table 2. The air layer is primarily responsible for thermal resistance. Therefore, the permeability index remains constant according to the Equation 1.


[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: _Toc438572286][bookmark: _Toc458087254]Figure 10. Effect of weft density of bifacial fabrics on permeability index (BF1, 2 and 3) (■ – knitted face down; ▲ – woven face down).

The rule explained above can also be applied to the effect of loop length of bifacial fabrics on the permeability index (Figure 11). The air layer primarily affects thermal resistance of bifacial fabrics, while the evaporative resistance is determined by the air permeability. Though higher loop length in the knitted structure increases air permeability,18 there are no changes in spaces between weft yarns in the woven structure. As shown in Figure 4 (b) and (c), increasing loop length does not change the distance between weft/loop yarns (D2). Therefore, when the loop length increases, the thermal resistance increases more than evaporative resistance, and leads to a higher permeability index of bifacial fabrics. 


[bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: _Toc438572288][bookmark: _Toc458087256][bookmark: OLE_LINK1]Figure 11. Effect of loop length of bifacial fabrics on permeability index (BF4, 2 and 5) (■ – knitted face down; ▲ – woven face down).

[bookmark: _Toc457655184]Total heat loss 
Figure 12 shows the effect of weft density of bifacial fabrics on the total heat loss. Increasing weft density decreases the total heat loss. As discussed earlier, increasing weft density increases fabric weight and decreases spaces between weft yarns. Therefore, evaporative and thermal resistance increase and the calculated total heat loss decreases (Equation 2). 

[bookmark: _Toc438572285][bookmark: _Toc458087253]Figure 12. Effect of weft density of bifacial fabrics on total heat loss (BF1, 2 and 3) (■ – woven face down; ▲ – knitted face down).

The effect of loop length of bifacial fabrics on the total heat loss is shown in Figure 13. The total heat loss of bifacial fabrics decreases with an increase of loop length. Increasing loop length of bifacial fabrics may expand the pores in the knitted structure, thus increases the thickness of the entrapped air layer. This leads to higher evaporation insulation and heat flux as discussed earlier, and results in lower total heat loss.

[bookmark: _Toc438572287][bookmark: _Toc458087255]Figure 13. Effect of loop length of bifacial fabrics on total heat loss (BF4, 2 and 5) (■ – woven face down; ▲ – knitted face down).

In overall both weft density and loop length affect fabric thickness and fabric weight, which in turn may affect fabric porosity. Since porosity directly influences the fabric’s thermal comfort properties, porosity of the bifacial fabric was further discussed.14  It was found that thermal comfort properties were determined by the distribution of pores and their connections, so do as air permeability of fabrics.

Conclusion
[bookmark: OLE_LINK5]In this study, thermal comfort properties of the woven, knitted and bifacial fabrics were investigated. The effect of weft density and loop length of bifacial fabrics on thermal comfort properties was also studied. The key findings are summarised as follows.
The permeability index of the bifacial fabric is higher than that of the woven and knitted fabrics, while the total heat loss is lower. It suggests that the bifacial fabric is warmer and more breathable than equivalent woven and knitted fabrics when using similar yarn types.
An increase in loop length and weft density enhances thermal resistance, warmth to touch and reduces water vapour transfer through bifacial fabrics. Increasing loop length increases the permeability index of bifacial fabrics, while permeability index is almost constant with changes in weft density. The total heat loss of the bifacial fabric reduces with increasing weft density and loop length. 
Increasing weft density or loop length increases the thickness and weight of bifacial fabrics, and the distribution of pores and their connections in the thicker fabric significantly affects thermal properties. Increasing weft density or loop length changes the fabric porosity, affecting thermal properties and decreasing the fabric’s air permeability, with higher weft density reducing the cross-sectional area of aisles for air flow. Longer loop length provides a thicker knitted structure in the bifacial fabric, with a thicker air layer leading to higher thermal resistance and lower evaporative resistance.
This work shows that the thermal comfort properties of bifacial fabrics can be optimized by changing loop length and weft density, and bifacial fabrics with different thermal comfort properties can be engineered for different applications. It should be noted that the above conclusions may only apply to the fabrics produced in this study. More work is still required to verify these conclusions with different yarns and different bifacial fabric structures.
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7.0886596869354834E-2	8.7122441458890698E-2	6.2147154538277009E-2	7.0886596869354834E-2	8.7122441458890698E-2	6.2147154538277009E-2	5	5.5	6	5.3949162031887283	5.7264946236559133	6.4882688172043004	8.7010823779196778E-2	1.1662840659002381E-2	6.2337208038780706E-2	8.7010823779196778E-2	1.1662840659002381E-2	6.2337208038780706E-2	5	5.5	6	5.7692258064516126	5.9783870967741919	6.7254301075268828	Loop length (mm)


Evaporative resistance (Ref) (Pa·m2/W)



knitted side down	1.1505710895213085E-3	8.8886090472194102E-4	2.8045346314114132E-3	1.1505710895213085E-3	8.8886090472194102E-4	2.8045346314114132E-3	14	18	22	3.6244982078853044E-2	3.9155376344086022E-2	4.229569892473118E-2	woven side down	1.9600113378356872E-3	1.4125419184737914E-3	1.3090512168931858E-3	1.9600113378356872E-3	1.4125419184737914E-3	1.3090512168931858E-3	14	18	22	4.2086666666666661E-2	4.6724982078853054E-2	5.03567741935484E-2	Weft density (picks/cm)


Thermal resistance (Rcf)
(K·m2/W)



knitted side down	2.3356114952226645E-3	8.8886090472194102E-4	4.7158506864859213E-4	2.3356114952226645E-3	8.8886090472194102E-4	4.7158506864859213E-4	5	5.5	6	3.4280760368663593E-2	3.9155376344086022E-2	5.1542867383512547E-2	woven side down	2.960693476526971E-3	1.4125419184737914E-3	4.7935889084960815E-4	2.960693476526971E-3	1.4125419184737914E-3	4.7935889084960815E-4	5	5.5	6	4.0972043010752697E-2	4.6724982078853054E-2	5.5252688172043013E-2	Loop length (mm)


Thermal resistance (Rcf)
(K·m2/W)



6.166666666666664E-3	3.7080992435478289E-3	2.9907264074877228E-3	6.166666666666664E-3	3.7080992435478289E-3	2.9907264074877228E-3	14	18	22	0.13455555555555559	0.12233333333333334	0.11822222222222223	7.7585078748715897E-3	3.5039660069381092E-3	1.394433377556788E-3	7.7585078748715897E-3	3.5039660069381092E-3	1.394433377556788E-3	14	18	22	0.15122222222222223	0.12255555555555556	0.11822222222222223	Weft density (picks/cm)


qmax(W/cm2)



4.4752405273658542E-3	3.7080992435478289E-3	3.7416573867739447E-3	4.4752405273658542E-3	3.7080992435478289E-3	3.7416573867739447E-3	5	5.5	6	0.12844444444444447	0.12233333333333334	0.11233333333333334	2.7588242262078107E-3	3.5039660069381092E-3	2.4037008503093285E-3	2.7588242262078107E-3	3.5039660069381092E-3	2.4037008503093285E-3	5	5.5	6	0.12888888888888891	0.12255555555555556	0.10744444444444444	Loop length (mm)


qmax(W/cm2)



14	18	22	0.40412624511694317	0.4102549177188094	0.41919242094324483	14	18	22	0.46666977545454752	0.46893900969441921	0.47374445320091746	Weft density (picks/cm)


Permeability index



5	5.5	6	0.38125626880063362	0.4102549177188094	0.4766405539194809	5	5.5	6	0.42610961385773244	0.46893900969441921	0.49292926063009118	Loop length (mm)


Permeability index



knitted side down	14	18	22	545.57982363819929	511.0290525996071	491.34439961568205	woven side down	14	18	22	521.89975092222244	495.93365624159549	470.63988619352079	Weft density (picks/cm)


Qt (W/m2)



knitted side down	5	5.5	6	540.1004296766248	511.0290525996071	463.36567970883982	woven side down	5	5.5	6	513.45989367307641	495.93365624159549	443.95758969744912	Loop length (mm)


Qt (W/m2)



0.13087039260304881	8.7122441458890698E-2	5.291199404272779E-2	0.13087039260304881	8.7122441458890698E-2	5.291199404272779E-2	14	18	22	4.8012365591397854	5.7264946236559133	6.0538831541218636	0.12014872547105765	1.1662840659002381E-2	8.8033307586906792E-2	0.12014872547105765	1.1662840659002381E-2	8.8033307586906792E-2	14	18	22	5.411106810035843	5.9783870967741919	6.3777136200716837	Weft density (picks/cm)


Evaporative resistance (Ref) (Pa·m2/W)
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