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Supplementary Figures  

 

  

Supplementary Figure 1 Morphology of the CNTF. a, HR-TEM image of the CNTs in the CNTF. 

Scale bars, 50nm. b, FE-SEM image of a CNTF. Scale bars, 200μm. 

 

 

Supplementary Figure 2  Morphology of wrapped TE fibers. (a) Schematic and (b) Photographs 

of doped CNTF wrapped with acrylic fibers. 

 

 
Supplementary Figure 3  Electrical resistance stability of TE loops. Change of electrical 

resistance (R/R0) versus (a) bending angle and (b) cycles at bending angle of 91°. R0 is the electrical 

resistance of CNTF before being bent into loops. c, Illustration of bending angle. 
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Supplementary Figure 4 Raman spectrum of p-hybridized CNTF. 

 

Supplementary Figure 5 TE performance of n-doped CNTF versus electrospraying time. a, 

Seebeck coefficient and electrical conductivity. b, Power factor. 
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Supplementary Figure 6  The stability test of the CNTF doped with OA for 1h. 

 

The Supplementary Figure 6 shows good stability of OA doping CNTF, which can be attributed 

to three factors: (1) OA Itself, giving example that OA usually serves as a ligand for stabilizing 

quantum dot structures due to its stability1. (2)The π-π conjugation between OA unsaturated bonds 

and CNT, as well as the similar polarity, enhances the interaction between CNT and dopants. (3) 

Electrospray as a method of doping, should ensure uniformity. 
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Supplementary Figure 7 The Raman spectra of CNTF. The black curve shows the raman 

spectra of pristine CNTF, the red one represents the CNTF which is doped with OA for 1h based on 

electrospray technology.  

 

Supplementary Figure 8  Schematic illustration of the electrospraying and doping process. . 

FE is the electrostatic force acting on the charged droplet. G is the gravity force. The π-π conjugation 

between OA unsaturated bonds and CNT, as well as and similar polarity, enhances the interaction 

between CNT and dopants. 
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Supplementary Figure 9 | Cross-section optical microscopy image of the TE device. a, Cut of 

the device along longitudinal direction. b, Photographs of the cross section in (a). c,d, Optical 

microscopy image for the highlighted area in (b). 

 

 

Supplementary Figure 10 | Structure and performance contrasts between three type TE units. 

a, Schematic illustrations of TE units that just pass the CNT TE loop through the 3D textiles 
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substrate. b, Schematic illustrations of TE units directly woven by wrapped CNT TE loop in this 

work. c, Schematic illustrations of TE units composed of un-wrapped CNT TE loop. d,e,f 

temperature difference and corresponding output voltage change of TE unit (a),(b) and 

(c),respectively, when one end of these units are contact with hot side at different temperature and 

the other end is exposed to air at 298K. In this way, the heat flows from the hot side to the 

environment, which is consistent with the practical heat flow direction during the wearing. These 

results display the performance of one unit. The temperature difference between the hot plate and 

the TE loop end exposed to air is detected with infrared thermal imager. The corresponding dynamic 

detection of temperature change can be seen in Supplementary Movies1-3. g, output voltage and 

temperature difference of unit 1,2 versus hot plate temperature. Test items in (g) were tested at 9-10 

times of 3 samples for an average value. 

In the contrast between TE unit 1 and 2, the TE leg length of unit 1 is determined by the 

thickness of the substrate, which results in a lower temperature difference and output voltage as 

shown in Supplementary Figure 10g. More importantly, the un-interlocked TE loops in unit 1 is 

difficult to be fixed inside, changing their forms easily. In addition, the TE loops in unit 1 has no 

stretchability as the substrate does. These indicate the rationality of our design (directly woven 3D 

TE units) for wearable TE generators. 

Supplementary Figure 11  Electrical stability of the TE devices. Electrical stability versus 

longitudinal (a) and transverse (b) stretching of different strain. 
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Supplementary Figure 12  Transverse stretchability of the TE devices. a, Photographs of the 

top view after transverse stretching by 0%, 39.5% and 62.7%. b, Curve of the real-time output 

voltage responses of the TE device transverse stretched to 62.7% under different temperature 

difference. The temperature difference is created by two Peltier elements. c, TE performance 

degradation versus transverse stretching. Average values of at least 6 measurements are taken. V0 

is the output voltage of TE device without stretching force. All error bars represent s.e.m. 
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Supplementary Figure 13 The trend chart of the power depending on the repeat length L. 

Detailed analysis can be seen in Supplementary Note 3. 
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Supplementary Figure 14  Estimate of occupied area. a, A case of a TE device with 15 units 

(3x5 TE loops, L = 32 mm, Φ = 3 mm). b, Loop shape based on simplifying assumption. As shown 

in Supplementary Figure.14a, the occupied area can be served as a rectangle. The length of the 

rectangle along the longitudinal direction ll can be expressed as ll ≈ NlΦ. The length of the rectangle 

along the transverse direction lt can be written as lt ≈ Ntlp, here Nl /Nt is the unit amount along the 

longitudinal/transverse direction, lp is the projection length of the arc of a TE loop on the plane. As 

exhibited in Supplementary Figure.14b, based on simplifying assumption, lp can be estimated as 

lp≈4Φ. Thus, the occupied area can be expressed as Area ≈4NΦ2, here N is the total unit amount. 
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Supplementary Figure 15  Relationship between power and temperature difference squared. 

Linear correlation (R2), which is higher than 0.999 in the case of unit length of 16 mm or 32 mm, 

indicates the good proportional relationship between power and temperature difference squared. 
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Supplementary Figure 16  Temperature of hand surface and cold end of the TE units. a, The 

recorded data in point A and B corresponding to the infrared thermal images (b). Point A shows the 

temperature change of the hand surface, B displays that of the cold end of the TE devices. The repeat 

length L is 16mm, the cold end of TE units is exposed to ambience at 26℃. 

                      

 

 

Supplementary Figure 17  Illustrations of TE performance mearsurements. The schematic of 

(a) electrical conductivity σ measurement and (b) seebeck coefficient measurement. For seebeck 

coefficient measurement, the temperature difference is obtained from two Peltier elements driven 

by DC voltage source (CE0030050T, Rainworm). The heat sink is used to maintain stable 

temperature in hot or cold side. Besides, the value of temperature difference is recorded by an 

infrared thermal imager (FOTRIC 226). The probe point is set in the outside close to the junctions 

of CNTF and sliver connecters (diameter is 250 μm).  
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Supplementary Figure 18  Illustrations of power measurement system. The temperature 

dependence of power is measured by a homemade system as shown in Supplementary Figure 18 

The temperature difference is given by two Peltier elements driven by DC power source. Keithley 

2450 is in series with TE textile generator and variable resistor to detect circuit current. Keithley 

2182A is employed to obtain output voltage. 

 

Supplementary Tables 

Supplementary Table 1 The comparison on power density 

References Power densitya (μWm-2K-2) Power densityb (mWm-2K-2) 

 

 

Ref.5 out-of-plane ~0.025 ----- 

Ref.17 out-of-plane ~0.144 ----- 

Ref.21 in-plane  ~20.74 ~2.2 

Ref.31 in-plane  ~1.1 ----- 

Ref.32 in-plane ~2.19 ----- 

Ref.39 in-plane ~3.88 ~3.4 

Ref.40 in-plane ~0.00259 ----- 

Ref.41 out-of-plane ~13.33 ----- 

Ref.42 out-of-plane ~3 ----- 

Ref.43 in-plane ~0.019 ----- 

Ref.44 out-of-plane ~6.65 ----- 

Ref.45 out-of-plane ~2.6 ----- 

Ref.46 in-plane ~8 ~4.2 

Ref.47 in-plane ~1.27 ~2.5 

This work ~35 ~180 

Here power densitya is calculated by the output power divided by occupied areas, for 

film-based 2D devices, occupied area is the product of length, width and numbers of 
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total TE legs, for our device, the occupied area is the product of length and width of the 

whole device. The power densitya marked with red color are calculated by the given 

output power, occupied areas and temperature difference, those marked with black color 

are the given value in the listed reported works. Power densityb is calculated by output 

power divided by the total cross-sectional area of active TE legs along the heat flow 

direction. From the point view of practical applications, the power densitya is 

compared here. 

Supplementary Notes 

Supplementary Note 1 Fabrication process of P-hybridized CNTF  

CNTF is p-hybridized by dipping into a commercial PEDOT:PSS solution, which 

is an usual method to enhance the electrical conductivity of CNTF according to 

previous reports2. It is found that infiltration of dopants into the neighboring parts is 

effectively suppressed due to the high viscosity of PEDOT:PSS. Note that to avoid 

organic solvent infiltration, dimethyl sulfoxide or ethylene glycol for further doping 

PEDOT:PSS is not utilized in this paper. 

Supplementary Note 2 Thermal design in wearable TE devices 

For a thermoelectric generator, electric power (P) converted from heat can be 

described as P =ηQTE. Here η is the heat conversion efficiency of a TE harvester, QTE 

represents the heat just flowing through TE legs. On the basis of the constant properties 

approximation in a harvester, the maximum η can be writen as 3,4  

                    ηmax =
∆TTE

Th

√1+ZT−1

√1+ZT+
Tc

Th
⁄

                         (1) 

Here ZT is the thermoelectric device figure of merit, which can be approximately 
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replaced by material figure of merit zT according to previous reports5,6, Tc/Th is the 

temperature of cold/hot side, ΔTTE is the temperature difference across TE legs. Refer 

to ΔTTE = Th - Tc, equation (1) can be further expressed as 

                       ηmax  =
∆TTE

Th

√1+zT−1

√1+zT+1−
∆TTE

Th

                      (2)  

Evidently, the maximum η is related to materials with intrinsic zT, temperature 

difference across TE legs ΔTTE and temperature of the hot side Th. ΔTTE/Th displayed 

in equation (2) reprensents the Carnot efficiency ηc
3 (ηc = ΔTTE/Th). Accordingly, the 

TE generator, as all heat engine, must accept the truth that the heat conversion efficiency 

η can not be higher than a Carnot efficiency ηc
3. Thus, η can be extensively described 

as η=ηrΔTTE/Th, where ηr (ηr < 1) is the reduced efficiency relative to the Carnot 

efficiency. In the light of the reported curve3,7 of η as a function of ΔTTE in the case of 

a given materials, η is nearly proportional to ΔTTE, indicating an almost constant value 

of ηr/Th, in small temperature difference region. In flexible and wearable TE generators 

harvesting energy from human body, temperature difference is always small. Thus, the 

efficiency of these generators η can be approximately expressed as3  

                              η = 𝜂0ΔTTE                          (3)     

Here η0 represents ηr/Th, which is constant. According to equation (3), electric power P 

converted from heat for a wearable TE harvester can be described as 

                           P = 𝜂0∆TTEQTE                        (4) 

On the basis of equation (4), it can be seen that the electricity-generating of a wearable 

TE devices requires both a ΔTTE and QTE in the case of given TE materials with intrinsic 

figure of merit zT. 
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A simple thermal circuit of a TE harveser is shown as follow3: 

 

ΔTSupply is the given temperature difference between heat source and environment, ΘHX 

is the combined thermal resistance of heat exchange in hot and cold side, ΘTE is the 

thermal resistance of TE materials. According to the above thermal circuit, the heat 

flowing through TE legs is described by 

                           QTE =
∆Tsupply

θHX+θTE
                           (5) 

And the ΔTTE across TE legs is described by 

                   ∆TTE =  QTEθTE =
∆Tsupply

θHX+θTE
θTE                     (6) 

It implies from equation (5)-(6) that both QTE and ΔTTE negatively correlates with ΘHX. 

To optimize the thermal design of TE devices, a minimized thermal resistance of heat 

exchange is necessary.  

Supplementary Note 3 Optimization of power  

Thermal resistance of TE materials ΘTE can be expressed as ΘTE = 2Nl/λS assuming 

an equal length l, cross-sectional area S and thermal conductivity λ of n/p legs, here N 

is the total number of TE units. Refer to equation (4)-(6), ΔTTE can be expressed as 

                          ∆TTE =
∆Tsupply

(θHX+kl)
kl                          (7) 

And P can be written as 

                          P = 𝜂0
∆Tsupply

2

(θHX+kl)2 kl                          (8) 

Here k = 2N/λS, l = (L-4mm)/2 in our TE devices. Thus, the trend chart of the power 

ΘHX 

ΘTE 

ΔT
Supply
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depending on L according to equation (8) can be shown in Supplementary Figure 13, it 

can been seen that power increases first and then decreases with enhancing L at various 

temperature differences, and the maximum is obtained at L = (ΘHXλS+4N)/N. 
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