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Figure S1. Photograph of the pressure sensor assembled by the TPU-8CNT@TPU 

fiber.  
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Figure S2. Digital photographs of (a) TPU-0CNT@TPU and (b) TPU-8CNT@TPU. 

(c) Comparison of cross section between TPU-0CNT@TPU (the white sample) and 

TPU-8CNT@TPU (the sample with a black shell). The POM images of (d) 

TPU-0CNT@TPU and (e) TPU-8CNT@TPU. 
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Figure S3. Size distribution of pores or holes in different location of the fibers (the 

results are averaged at least ten measured values). Diameter distribution of (a) pores 
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in the outer layer of TPU-8CNT@TPU; (b) pores in the inner layer of 

TPU-8CNT@TPU; (c) holes in the surface of TPU-8CNT@TPU; (d) pores of 

TPU-0CNT@TPU; (e) holes in the surface of TPU-0CNT@TPU. 

 

 

 

 

 

Figure S4. SEM images of the cross section of (a1-a4) TPU-0CNT@TPU, (b1-b4) 

TPU-8CNT@TPU, and surface of (c1-c4) TPU-0CNT@TPU, (d1-d4) 

TPU-8CNT@TPU at different magnifications. 
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1. The effect of the extrusion rate ratio of the outer layer to the inner layer on the 

fiber structure of TPU-8CNT@TPU. 

In the experiment, the extrusion rate of the outer layer (defined as EO) was 0.38 

mL/min, and the inner layer extrusion rate (defined as EI) was 1.09 mL/min, thus the 

extrusion rate ratio of the outer to inner (defined as r = EO/EI) was 0.34: 1. The fibers 

with varying r were fabricated under the same conditions. Interestingly, the results 

showed that the hollow structures of fibers disappeared when the r was 0 (EO = 0 

mL/min，Figure S5a) or infinity (EI = 0 mL/min, Figure S5b). However, the fibers 

showed a denser cross section when the r was 0 than that was infinity. Specially, the 

fibers only possessed the monolith structure, while the hollow structure disappeared 

when the r was increased to 100: 1 (Figure S5c); it was impossible to prepare high 

quality wet-spun fibers when the r reduced to 0.05: 1 (Figure S5d). The effect of the r 

on the fibrous structure may mainly originate from two factors: one is the 

solidification rate of the fibers; the other is the die swell effect of the fiber affected by 

the shear rate in the spinning channel.
1
 To prepare high quality sheath-core fibers with 

hollow and monolith structure, the spinning rate ratio of the spinning fiber must be 

controlled within a certain range (0.05:1 ~ 100:1). For example, the fibers showed 

multilayer-hollow-monolith structure when the r was 10:1 (Figure S5e) and 1:10 

(Figure S5f). 
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Figure S5. SEM images of cross section of TPU-8CNT@TPU with different r. (a1-a2) 

r = 0, (b1-b2) r = ∞, (c1-c2) r = 100:1, (e1-e2) r = 10:1, (f1-f2) r = 1:10 at different 

magnifications. (d) Digital photograph of the fiber with the r of 0.05:1. 
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Figure S6. Typical stress vs. strain curves of the fibers with different CNTs loadings.  
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Table S1. Performance parameters of the fibers with different CNTs loadings. 

 Breaking 

elongation 

Strength 

(MPa) 

Modulus 

(MPa) 

Density 

(g/cm
3
) 

TPU-0CNT@TPU 4.32 ± 0.12 1.22 ± 0.057 1.44 ± 0.13 0.342 ± 0.0052 

TPU-4CNT@TPU 4.76 ± 0.32 1.67 ± 0.099 1.86 ± 0.11 0.412 ± 0.0097 

TPU-6CNT@TPU 4.44 ± 0.44 1.83 ± 0.077 2.34 ± 0.22 0.456 ± 0.024 

TPU-8CNT@TPU 3.81 ± 0.31 1.86 ± 0.077 2.92 ± 0.45 0.464 ± 0.013 

TPU-10CNT@TPU 3.19 ± 0.29 1.84 ± 0.093 3.04 ± 0.25 0.478 ± 0.019 

TPU-12CNT@TPU 2.83 ± 0.26 1.79 ± 0.21 3.19 ± 0.34 0.513 ± 0.013 

Note: the results are averaged at least five different fiber samples. The density is 

calculated using equation: ρ = m/V, where ρ, m and V are the density, mass, volume, 

respectively. The mass of the fibers was weighed by using a precision electronic 

balance (ESJ 182-4, Shenyang Shenyu Longteng Balance Co. Ltd., China). 
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Figure S7. FTIR spectra of TPU-8CNT@TPU and TPU-0CNT@TPU (the 

spectrometer, Nicolet iS50). After the introduction of CNTs, several characteristic 

peaks of the fiber tend to be weaker and shift toward the low wavenumber, showing 

strong interactions between TPU polymer chains and CNTs. 

 

Please see the references 2-4 on the discussions about the wavenumber of the 

corresponding functional groups. 
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Figure S8. Thermogravimetric analysis (TGA) curves of CNTs and the fibers with 

different CNTs loadings. TGA was performed under a nitrogen atmosphere on a 

TGA/TA Q50 (TA Instruments Co., USA) from 30 to 700 ºC with a heating rate of 10 

ºC/min. 
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Table S2. TGA results of CNTs and the fibers with different CNTs loadings. 

Samples Residue (wt.%) ωCNTs (wt.%) 

TPU-0CNT@TPU 5.82 0 

TPU-4CNT@TPU 6.81 0.99 

TPU-6CNT@TPU 8.01 2.19 

TPU-8CNT@TPU 9.13 3.31 

TPU-10CNT@TPU 9.64 3.82 

TPU-12CNT@TPU 9.99 4.17 

CNTs 99.45  

Note : the mass fraction of CNTs in the whole fiber is calculated using equation: 

ωCNTs = Rc – Rp, where Rc, Rp and ωCNTs represent the residual weight percentage of 

TPU-xCNT@TPU, TPU-0CNT@TPU at 700 ºC and the CNTs in the fibers.
2
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Figure S9. SEM (a) and TEM images (b), (c) of sensitive zone of TPU-8CNT@TPU. 
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Figure S10. I-V characteristic curves of the fibers with different CNTs loadings (the 

electrochemical work station, RST5200F, Suzhou Risetest Electronic Co., Ltd., 

China). 
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Figure S11. Change in R of the TPU-8CNT@TPU fiber as a function of ultrasonic 

and boiling time in deionized water to show the durability. 
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Table S3. The summary of maximum detection range and GF for typical flexible 

strain sensors reported in recent years. 

Materials Maximum  

detection range 

GF References 

SWCNT/PU 60% 6.5 5 

Hybrid 

SWCNTs/PEDOT:PSS/PU 

100% 62 6 

PEDOT:PSS/PVA 1.2% 396 7 

MWCNTs/PU 400% 69 8 

Graphene/PE 100% ≤ 10 9 

Graphene/Nanocellulose 

fibril/PDMS  

100% 7.1 10 

Graphene sheets/ PDMS 7.5% 402.5 11 

Carbonized silk 

fabric/Ecoflex  

500% 37.5 12 

CNTs/Lamellar layered 

double hydroxides 

410% 12 13 

SWCNTs/Cotton//PU 300% 0.65 14 

Graphene/PVA 150% 1.33 15 

MWCNT forest/PU 300% 1.07 16 

MWCNT/TPU 350% 166.7 This work 
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Figure S12. Change in R/R0 of the fibers with different CNTs loadings under 80% 

strain at a rate of 50 mm/min during 1-30 cycles. 
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Figure S13. R/R0-strain curves of TPU-8CNT@TPU for cyclic stretching-relaeasing 

tests: (a) 1st cycle, (b) 2nd cycle, (c) 10th cycle, (d) 30th cycle. 
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Figure S14. (a) Change in R/R0 of TPU-8CNT@TPU under 2% and 350% strain 

during 21-30 cycles. (b) Change in R/R0 of TPU-8CNT@TPU with the same 

frequency of 0.014 Hz at different strains during 1-30 cycles. 
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2. Determination of response time. 

  To calculate the strain response time, a step strain of 5% was applied at a rate of 

500 mm/min for TPU-8CNT@TPU. The current response time of TPU-8CNT@TPU 

in the tensile process of 5% strain is defined as t1 (Figure S12a), which is recorded by 

an electrochemical work station (RST5200F, Suzhou Risetest Electronic Co., Ltd., 

China), and tensile time of the tensile testing machine is defined as t2, and the strain 

response time ∆tT is calculated as follows:  

t1 = 19.8508258 - 19.5037633 = 0.3470625 s 

t2 = 30 mm × 5% / (500 mm/min) = 0.18 s 

∆tT = t1 - t2 = 0.1670625 s ≈ 167 ms 

  The compressive response time ∆tC is calculated by the same method, and a 

compression displacement of 1 mm is applied at the rate of 500 mm/min for 

TPU-8CNT@TPU (Figure S12b), the compressive response time ∆tC is calculated as 

follows.: 

t1 = 17.2444816 -17.0090301 = 0.2354515 s 

t2 = (1 mm / 500 mm/min) = 0.12 s 

∆tC = t1 - t2 = 0.1154515 s ≈ 115 ms 
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Figure S15. Response time of TPU-8CNT@TPU under (a) a step strain of 5% in 

tension and (b) 1 mm displacement at a strain rate of 500 mm/min in compression.  
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Figure S16. Schematic illustration of compression response mechanism.  
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Figure S17. R/R0-strain curves of TPU-8CNT@TPU for cyclic 

compressing-releasing tests: (a) 1st cycle, (b) 2nd cycle, (c) 4th cycle, (d) 10th cycle. 
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Table S4. Parameters obtained by fitting R/R0 vs. strain curves with Equation (6) of 

TPU-8CNT@TPU in tension and compression, respectively. 

 C M E W U V 

Tension 0.01201 0.60455 127.75779 0.33129 -0.23464 0.0322 

Compression 0.00446 -0.21202 46.57262 -0.07359 0.36182 -0.16917 
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