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ABSTRACT 

High-performance strain sensors featured with self-healing ability and high stretchability 

are desired for human motion detection, soft robotics, and diver intelligent applications. 

Herein, a novel self-healing elastomer was synthesized via a facile one-pot polycondensation 

reaction between bis(3-aminopropyl) terminated polydimethylsiloxane (PDMS) and 2,4'-

tolylene diisocyanate (TDI), followed by introducing carboxyl-functionalized multi-walled 

carbon nanotubes (CNT). The physically entangled linear molecular chains and multiple 

hydrogen bonds endowed elastomer with a remarkable healing efficiency of 98.1 % and 

outstanding stretchability of over 1000 %. Attributing to the conductive network constructed 

by the uniformly dispersed CNT, the nanocomposite elastomer-based strain sensor achieved a 

high gauge factor of 2.43 and its sensing performance could be well regained after self-

healing. The strain sensor was successfully used for detecting various human motions, and 

distinguishing facial micro-expressions. Moreover, the nanocomposite elastomer applied on a 

grip ball and woolen glove as sensing units rendered them with the ability of grip force 

detection and sign language recognition. This work offers a new route and a promising self-

healing nanocomposite elastomer for the development of recyclable and sustainable high-

performance strain sensors, and prospects its advanced intelligent applications. 

Keywords: Self-healing polymer; Elastomer; Nanocomposite; Strain sensor; Carbon 

nanotubes 
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1. INTRODUCTION 

Human motion and health monitoring are becoming a rising cutting-edge field for 

improving the wellness of human being.
1, 2

 Novel wearable and flexible sensors are 

originated from the idea of mimicking the function of human skin which can measure diverse 

signals such as strain, pressure, humidity, and temperature by transducing biological or 

mechanical signals into electrical signals.
3-5

 To satisfy the increasing demand for advanced 

intelligent applications, such as human motion detection,
6
 patient behavior monitoring,

7
 

human-computer interaction,
8
 and sign language identification,

9-11
 flexible strain sensors have 

been heavily investigated in recent years. Developing sustainable, stable, and recyclable 

strain sensors that can be easily integrated with existing medical devices, clothes, electronics, 

and among others are the pursuits of the field.
12

 

Resistive-type strain sensor is a type of widely used sensor because it has advantages of 

being transformed into variety of forms, low cost, and simple structure.
13, 14

 They are 

typically fabricated by assembling conductive sensing networks on the surface of polymeric 

substrates and within the polymer matrix.
15

 However, many problems exist in flexible strain 

sensors, e.g., the cracks on the conductive layer would cause performance deterioration in 

long-term and low stability; the nonuniform dispersion of conductive fillers may lead to low 

sensitivity; and majority strain sensors suffer from limited sensing strain range due to the low 

stretchability of the substrate material.
16, 17

 Thus, improving the stretchability, stability, and 

applicability are of significance for the development of sustainable high-performance strain 

sensors.
18-21

 

Self-healing polymeric materials provide new thoughts for sustainable strain sensors,
22-24

 

since they could trigger spontaneous or stimulated self-healing process because of the 

reversible associations, e.g., hydrogen bonds,
25

 Diels-Alder bonds,
26

 disulfide bonds,
27

 and 

metal-ligand coordination bonds,
28

 etc, presented in their molecular chains, so that they are 
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also classified as supramolecule materials. During the past few years, extensive efforts have 

been made to develop self-healing materials including highly stretchable elastomers. For 

example, Raimondo et al.
29

 prepared a self-healing PDMS/CNT nano-hybrid using 4,4'–

diaminodiphenyl sulfone functionalized CNT and benzoxazine terminated PDMS. This work 

provided an effective method of covalent and non-covalent functionalizations to enhance the 

interactions of CNT with elastomer matrix. In addition, Zheng et al.
30

 reported a multi 

stimuli-responsive self-healing polyurethane (PU) elastomer by in situ polymerizations of 

hydroxyl-functionalized CNT and PU matrix, then metallo-supramolecular PU/CNT 

nanocomposite was obtained after crosslinking with Zn
2+

, which exhibited self-healing ability. 

These advanced achievements offer a good idea of synthesizing self-healing elastomers. 

Regarding the application of strain sensing, various flexible and stretchable polymeric 

composites have been proposed aiming to enhance the sensitivity, response time, sensing 

range, etc. Indeed, elastomers have been utilized as flexible substrates for flexible strain 

sensors by combining with conductive fillers including CNT,
31

 graphene,
32

 Mxenes,
33

 

metallic nanowires,
34

 and metallic nanoparticles.
35

 PU elastomer possess promising flexibility, 

stretchability, and human skin affinity that have been recognized as ideal substrates for 

flexible strain sensors. However, the highly crosslinked chemical structure of PUs make them 

difficult to be recycled and applied in autonomous circumstances.
36

 Moreover, the efforts 

made on high-performance strain sensors that have self-healing property and high 

stretchability are rare. 

In this study, by combining the advantages of PDMS and PU, we developed a PDMS 

based PU elastomer with a linear molecular chain and rich multiple hydrogel bonds as a self-

healing elastomeric matrix. The elastomer was synthesized via a simple one-pot 

polycondensation reaction between aminopropyl terminated PDMS and TDI at mild 

conditions, and carboxyl-functionalized CNT (CNT-COOH) was introduced into the PDMS-
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TDI elastomer matrix by solution mixing. The CNT-COOH not only created a conductive 

network in the elastomer matrix, but also enriched the hydrogen bonds with the 

nanocomposite, which contributed to the high stretchability, self-healing ability, and 

sensitivity of the elastomer. The as-prepared strain sensor based on the nanocomposite 

elastomer demonstrated excellent performance in detecting human motion, facial-micro 

expression, and handwriting. The thermoplastic property of the nanocomposite elastomer 

made it capable to be applied in diverse applications. A smart glove featured with the strain 

sensors could recognize sign language changes by detecting movements of different finger 

joints. 

2. EXPERIMENTAL 

2.1 Materials 

Aminopropyl terminated polydimethylsioxane (H2N-PDMS-NH2, abbreviated as PDMS, 

Mn=5000) was purchased from Meryer (Shanghai) Chemical Technology Co., Ltd., China. 

2,4ʼ-tolylene diisocyanate (TDI) and methanol (MeOH) were purchased from Shanghai 

Macklin Biochemical Co., Ltd. Triethylamine (Et3N) and carboxyl-functionalized multi-

walled CNTs (CNT-COOH, inner diameter: 5-10 nm; outer diameter: 10-20 nm; length: 0.5-2 

μm) were purchased from Aladdin Reagent Co., Ltd., China. Tetrahydrofuran (THF) was 

obtained from Sinopharm Chemical Reagent Co., Ltd. Anhydrous chloroform (TCM) was 

obtained from Tianjin Fuyu Chemical Co., Ltd. China. All chemicals were used as received 

without further purification. 

2.2 Synthesis of PDMS-TDI elastomer 

The PDMS-TDI elastomer was synthesized via a one-pot polycondensation reaction 

between PDMS and TDI. Briefly, 10.2 mL PDMS (2 mmol) and 0.5 mL Et3N were mixed 

with 10 mL TCM in a three-neck round bottom flask, and cooled to 0 °C in an ice bath and 

stirred for 1 h under argon atmosphere. A solution of 0.43 g TDI (2.5 mmol) dissolved in 2 
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mL TCM was added to the flask dropwise and mechanically stirred at 80 rpm for 1 h. Then, 

the temperature was raised to room temperature and stirred for another 3 h. After reaction, the 

transparent PDMS-TDI solution was poured slowly to 50 mL MeOH with stirring, and 

further stirred overnight. Finally, the PDMS-TDI elastomer was precipitated from MeOH and 

dried in a vacuum oven at 60 °C for 12 h. 

2.3 Preparation of PDMS-TDI-CNT nanocomposites 

Carboxyl-functionalized multi-walled CNTs were dispersed in THF by sonication for 1 h 

using a probe ultrasonicator (JY92-IIDN). A PDMS-TDI solution with 10 wt% concentration 

in THF was prepared by magnetic stirring at 25 °C for 1 h. To the PDMS-TDI solution, the 

as-prepared CNT dispersion was added quickly with vigorous magnetic stirring at 510 rpm 

for 4 h at 35 °C. Then the mixture solution was poured into a polytetrafluoroethylene (PTFE) 

mold followed by degassing and drying using a vacuum oven at 60 °C for 12 h. The content 

of CNT was defined as the weight percentage of the PDMS-TDI elastomer matrix, which was 

controlled to be 1 wt%, 2 wt%, 3 wt%, 4 wt%, 5 wt%, and 6 wt% of the PDMS-TDI. The 

resulted composite films were coded as PDMS-TDI-xwt%CNT, where x stands for the 

concentration of CNT in the nanocomposite. 

2.4 Fabrication of PDMS-TDI-CNT nanocomposite based sensors 

A PDMS-TDI-CNT elastomer film with a size of 30 mm × 10 mm × 0.3 mm was 

prepared and sandwiched by two stripes of VHB tape as illustrated in Figure S1. Two copper 

wires were connected to the two ends of the elastomer as current leads to a multimeter to 

record the change resistance of the elastomer when it was deformed. 

2.5 Characterizations 

Field emission scanning electron microscopy (SEM, Zeiss Sigma 300) was used to 

observe the dispersion of CNT in PDMS-TDI elastomer. Samples were frozen in liquid 

nitrogen, fractured in the cross-section, and coated with a thin film of gold before imaging. 
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The chemical structure of synthesized PDMS-TDI elastomer was characterized using proton 

nuclear magnetic resonance spectroscopy (
1
H NMR, Bruker 400M) with chloroform-d as 

solvent. The molecular weight and polymer dispersity index (PDI) of prepared PDMS-TDI 

elastomer was measured using a Waters 1525 & Agilent PL-GPC220 gel permeation 

chromatography (GPC) instrument with THF as the elution solvent at a flow rate of 0.67 

mL/min. Fourier transform infrared (FT-IR) spectroscopy (Bruker Tensor 20) was used to 

characterize the chemical structure of PDMS-TDI elastomer and PDMS-TDI-CNT 

nanocomposites in the range of 4000–600 cm
-1

. The thermal property was evaluated on a 

differential scanning calorimetry (DSC) instrument (TA Q2000). The samples were heated to 

180 °C from room temperature, followed by cooling to -80 °C and re-heating to 180 °C at a 

heating and cooling rate of 5 °C/min under nitrogen flow. The tensile test experiments were 

carried out on a SAAS EUT2503 universal mechanical testing instrument at room 

temperature at a strain rate of 10 mm/min. 

The self-healing behavior was evaluated by observing the evolution of cracks using a 

depth-of-field optical microscope (DVM6, Leica, Germany). Optical images and z-stack 

height profile images were recorded during the self-healing process. The healing efficiency, 

which is defined as the ratio of stress strength of the healed sample to that of the original one 

as expressed in Equation (1),
25

 was evaluated using the same mechanical tester. 

                        
Healed tensile strength

Healing efficiency (%)= 100%
Original tensile strength

                              (1) 

2.6 Characterization of PDMS-TDI-CNT nanocomposite based sensors 

The relative change of resistance (∆R/R0) of all fabricated flexible strain sensors was 

tested using BK Precision-878B two-electrode system when the sensors are subjected to 

deformation. In general, the resistance of the strain sensors is sensitive to strain and the ∆R/R0 

was defined as Equation (2):
37, 38
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             0 0 0R R R R R                                                    (2) 

where R0 was the initial resistance of the strain sensor when no tension was applied, ∆R=R-R0 

and ∆R/R0 represented the value of resistance change and with a certain strain applied on the 

sensor, respectively. 

The flexible strain sensors were attached to different joints of human body and monitor 

the motion of those joints by recording the change of resistance. 

An electrochemical workstation (CHI 760e) was used to measure the real-time current 

signal of the strain sensors. The i-t curve of sensors upon deformation and recovery was 

recorded at a constant voltage of 10 V. 

3. RESULTS AND DISCUSSION 

3.1 Chemical and Morphological Properties of Self-Healing PDMS-TDI Elastomers 

The self-healing PDMS-TDI elastomers were synthesized via a one-pot 

polycondensation reaction (Figure 1a). The terminating amino (–NH2) groups of NH2-PDMS-

NH2 were reacted with the –NCO groups of TDI with the presence of Et3N as catalyst 

forming a transparent PDMS-TDI gel. The unreacted –NCO groups and catalyst were 

neutralized and removed by MeOH soaking, and the PDMS-TDI elastomer incorporated with 

urea bonds was obtained through a facile one-step polymerization approach (Figure 1b). Here, 

NH2-PDMS-NH2 was selected to endow the elastomer with flexibility, which was beneficial 

for enhancing the comforts of wearable devices. The urea bonds could form strong 

intermolecular hydrogen bonds, which would not only act as physical crosslinking points to 

provide the elastomer with excellent stretchability, but also render the elastomer with a rapid 

self-healing attribute
39

. The weak hydrogen bonds between –NH and C=O of urea bonds are 

supposed to be able to dissipate strain energy and endow the elastomer with high 

stretchability. The synthesized PDMS-TDI elastomer is highly transparent and can be easily 
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dissolved in THF at room temperature attributing to the amorphous characteristic of the 

elastomer, which makes it easy to be recycled and reused (Figure S2).
40

 The effect of the 

molecular weights of the PDMS prepolymer was investigated. The molecular weight results 

(Table S1) measured using GPC showed that the Mw of PDMS-TDI elastomer was increased 

with the increase of the molecular weight of the prepolymer. When the PDMS with a number 

average molecular weight of 5000 was used, the highest Mw of 3.95 × 10
4
 g/mol and the 

lowest polymer dispersity index (PDI) of 1.99 were obtained, indicating that the synthesizd 

PDMS-TDI elastomer had a narrow molecular weight distribution and a uniform molecular 

weight.
25

  

To further enhance the hydrogen bonds and create a conductive network in the PDMS-

TDI elastomer so as to extend its application as flexible strain sensors, carboxyl-

functionalized multi-walled CNTs were incorporated with the elastomer by simple ultrasound 

sonication assisted solution mixing and casting method (Figure 1c). The CNTs loading 

content in the PDMS-TDI-CNT nanocomposite elastomers was controlled at 1 wt%-6 wt%. 

As shown in the SEM images (Figure 1d-i), the CNTs were uniformly distributed in the 

PDMS-TDI matrix even at 6 wt% concentration. From the high magnification images, CNT 

agglomeration was not observed on all samples, and the CNTs were tightly bonded with the 

PDMS-TDI matrix, which suggested the excellent dispersibility of CNT in PDMS-TDI/THF 

solution, and the high compatibility between the CNT and the PDMS-TDI. Similar to the 

PDMS-TDI elastomer, the prepared PDMS-TDI-CNT nanocomposites maintained high 

flexibility and stretchability (Figure S3). 
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Figure 1. (a) Reaction mechanism of the synthesis of self-healing PDMS-TDI elastomer; (b) 

Schematic of one-pot polycondensation reaction and preparation of PDMS-TDI elastomer; (c) 

Preparation of PDMS-TDI-CNT nanocomposite elastomer; SEM images of PDMS-TDI-CNT 

nanocomposites with CNT concentration of (d) 1 wt%, (e) 2 wt%, (f) 3 wt%, (g) 4 wt%, (h) 5 

wt%, and (i) 6 wt%. 

The chemical structure of the synthesized PDMS-TDI elastomer was analyzed using 
1
H 

NMR. As shown in Figure 2a, the peaks at 5.51 ppm and 6.05 ppm were assigned to the two 
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secondary amines of urea bonds,
39, 41

 which indicated the existence of urea bonds and 

hydrogen bonds. Signal of the protons from PDMS chain are observed at -0.05 ppm,
42

 the 

peak at 1.2 ppm and 3.70 ppm are associated to the methyl group from TDI.
42, 43

 
1
H NMR 

demonstrated the successful synthesis of bulk PDMS-TDI, as indicated by the presence of 

characteristic peaks of TDI and PDMS segments in polymeric backbones. FT-IR was used to 

further analyze the chemical bonds of PDMS-TDI elastomer and PDMS-TDI-CNT 

nanocomposites (Figure 2b). The peaks at 1645 cm
-1

 and 1260 cm
-1

 correspond to the C=O 

and C–O bonds, suggesting the presence of urea bonds and further verified the successful 

synthesis of PDMS based polyurethane-urea.
41, 42, 44

 The peaks located at 867 cm
-1

 and 1006 

cm
-1

 were assigned to the absorption of Si–O of NH2-PDMS-NH2.
45

 The absence of peaks at 

2260 cm
-1 

ascribing to –NCO groups suggested that diisocyanate groups have been expended 

or removed through the reaction and purification.
46

 The enhancement of characteristic peak 

of C–O (carboxy) at 1260 cm
-1

 as the increase of CNT concentration indicates the 

introductions of oxygen-containing functional groups from the CNT-COOH.
47

 Upon 

introduction of CNTs, wide peaks appeared at 3200-3500 cm
-1

 can be assigned to the 

absorptions of –COOH. 

 

Figure 2. (a) FT-IR spectra of PDMS-TDI and different PDMS-TDI-CNT elastomers; (b) 
1
H 

NMR spectrum of PDMS-TDI elastomer using chloroform-d as a solvent. 
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 3.2 Self-healing and Mechanical Performance 

The self-healing property is particularly desirable for multi-functional polymeric 

materials because it can make materials more reliable, reduce repair costs, and extend the 

service life of the materials or products.
30, 48, 49

 The self-healing behavior of PDMS-TDI-

4wt%CNT nanocomposite was observed using a depth-of-field optical microscope after 

cutting the sample using a razor blade. The samples were placed in an oven set at 60 °C to 

allow the recovery of the nanocomposite elastomer, and the cut section was imaged during 

the self-healing process. As shown in Figures 3a-c and d-f, the initial crevice of the cut 

PDMS-TDI-CNT film has a size of ~90 µm and a depth of 85 µm, and the crevice was 

gradually contracted when the film was thermally treated for up to 10 h. After 5 h of thermal 

treatment, the crevice size and depth were reduced to 12 µm and 25 µm, respectively, and the 

crevice was completely disappeared after 10 h suggesting the complete healing of the 

nanocomposite elastomer. The self-healing attribute of the PDMS-TDI-CNT nanocomposite 

was originated from the reconstruction of the hydrogen bonds and the diffusion of polymer 

chains at high temperature since the synthesized PDMS-TDI elastomer and the PDMS-TDI-

CNT nanocomposites are amorphous with a glass transition temperature (Tg) of ~0 °C 

(Figure S4) which insured the thermal motion ability of the macromolecules.
50

 Figure 3g 

illustrates the self-healing mechanism of the developed PDMS-TDI-CNT nanocomposites. 

The presence of multiple hydrogen bonds confer the PDMS-TDI-CNT nanocomposites 

autonomous self-healing capability, and the reconstruction of reversible hydrogen bonds 

could be effectively promoted under elevated temperature.
47

 

The mechanical properties of PDMS-TDI elastomers with different molecular weights 

were investigated. It was found that the elastomer with the highest molecular weight 

exhibited the highest tensile strength and elongation at break, which were 30.9 kPa and 

1275.4 %, respectively (Figure S5). This implies that superior mechanical property could be 
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obtained at high molecular weight due to the substantial chain entanglements. Considering 

the requirement of the strain sensor for tensile strength, we mainly focused on the sensing 

performance and self-healing property of with highest molecular weight. To quantitively 

characterize the healing efficiency of the synthesized elastomer and nanocomposites, samples 

(30 mm × 10 mm × 0.3 mm) were cut in the middle section by a razor blade in the direction 

perpendicular to the tensile direction (Figure S6). The self-healed PDMS-TDI elastomer 

could be stretched to 760 % strain after healing at 60 °C for 9 h as shown in Figure S7. The 

PDMS-TDI-CNT nanocomposite could restore its original stretchability after being healed at 

60 °C for 9 h. As shown in Figure S8 and Movie S1, the healed PDMS-TDI-4wt%CNT 

exhibited similar stretchability with the pristine composite, and could be easily stretched to 

over 900 % strain. The tensile strength was measured before and after the self-healing 

process to assess the self-healing efficiency. As expected, the tensile strength and tensile 

modulus were increased as the increase of CNT content in the PDMS-TDI-CNT 

nanocomposites (Figure S9), which was attributed to the synergetic effects of high stiffness 

of CNT, π-conjugated network, multiple hydrogen bonds formed in PDMS-TDI-CNT matrix, 

and the good dispersion of CNTs in the matrix.
51

 The tensile stress of the PDMS-TDI film 

was 31.5 kPa, and it was dramatically improved to 110.2 kPa for the PDMS-TDI-6wt%CNT 

film, while the strain-at-break maintained around 1200 % for all PDMS-TDI-CNT 

nanocomposite films (Figure S10), since the supramolecular network can effectively dissipate 

strain energy through the rupture of weak hydrogen bonds, while the strong covalent bonds 

would be sufficient to maintain the high tensile stress.
43

 Figure 3h and 3i show the tensile 

strength and the healing efficiency of PDMS-TDI, PDMS-TDI-3wt%CNT, and PDMS-TDI-

6wt%CNT after self-healing for 6 h and 9 h at 60 °C. The hydrogen bonds were increased 

with the increase of CNT content in the elastomer attribute to the healing efficiency was 

heightened. The healing efficiency of PDMS-TDI was 83.8 % after 9 h, while the PDMS-
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TDI-3wt%CNT and PDMS-TDI-6wt%CNT samples achieved a remarkable healing 

efficiency of 98.1 %, which surpasses majority self-healing polymers or hydrogels developed 

recently (Table S2). Moreover, the self-healed PDMS-TDI-3wt%CNT nanocomposite regain 

about the same tensile behavior as the original sample after 9 h of healing (Figure S11). The 

significant self-healing performance improvement of the PDMS-TDI-CNT nanocomposite 

was because of the multiple hydrogen bonds formed in PDMS-TDI-CNT matrix as well as 

the high flexibility of the molecular chains at elevated temperatures, which facilitated the 

thermal motion of molecular chains and reconstruction of the hydrogen bonds in the damaged 

area.
39, 52
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Figure 3. (a-c) Optical microscope images for the healing process of the PDMS-TDI-

4wt%CNT nanocomposite film at 60 °C for up to 10 h. (d-f) corresponding depth-of-field 

images show the height mapping during the self-healing process. (g) Schematic illustration of 

the self-healing process of PDMS-TDI-CNT elastomer based on multiple hydrogen bonds. (h) 

Tensile strength and (i) healing efficiency of PDMS-TDI, PDMS-TDI-3wt%CNT, and 

PDMS-TDI-6wt%CNT films after healing at 60 °C for 6 h and 9 h. 
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3.3 Sensing Performance of the PDMS-TDI-CNT based Strain Sensor 

For the application of flexible and wearable sensors, the sensing material should be 

mechanically durable, with a good frequency response and low electrical hysteresis under 

mechanical deformation.
53

 The resistivity of different PDMS-TDI-CNT nanocomposites is 

shown in Figure 4a, from which it can be seen that the conductivity was improved 

significantly as the CNT content was increased from 1 wt% to 4 wt%, and the improvement 

became less significant when the CNT content was further increased to 6 wt%. Therefore, 

PDMS-TDI-4wt%CNT composite elastomer was selected as an example to investigate its 

sensing performance. Gauge factor (GF), which is determined by the change in the resistance 

at a certain strain (∆R/R0)/ε (ε is the applied strain), is an important factor related to the 

sensitivity of a strain sensor. Generally, a broad sensing range is preferred for large motion 

monitoring, while sensing minor strains caused by subtle motions such as facial expression 

requires high GF.
54

 As shown in Figure 4b, the relative resistance changes increased almost 

linearly under the external strain, which might be attributed to the uniform deformation of the 

polymer network during the stretching process. Amazingly, the nanocomposite elastomer still 

showed a stable resistance, even when it had been stretched to 1000 % strain. In addition, the 

∆R/R0 increases linearly in the first strain region (ε < 150 %) with a high gauge factor of 2.43, 

and then this value drops to 1.51 and 0.65 in the strain range from 150 % to 700 % and range 

from 700 % to 1000 %, respectively. The different sensing regions are attributed to the 

viscoelastic behavior of the elastic supporting substrate.
43

 In practical application, it would be 

more precise to specify the GF in different sensing strain ranges.  



17 

 

Figure 4. (a) Conductivity of different PDMS-TDI-CNT nanocomposite elastomers; (b) GF 

of PDMS-TDI-4wt%CNT nanocomposite in the strain range of 0-1000%. 

Wearable strain sensors are often mounted on the skin to monitor body movement, 

particularly the movement of joints such as the finger, wrist, and elbow that can be affected 

by ageing, injury, and diseases.
55

 The resistance of strain sensors is defined as Equation (3), 

and R and ∆R/R0 values would increase when the strain sensors are been stretched or 

deformed. The intensity of the signal is mainly determined by the magnitude of deformation. 

                                                                       
L

R
S

                                                             (3) 

where ρ refers to the resistivity, L and S are the lengths and cross-section area of the 

conductor. 

Figure 5a shows the recorded real-time change of resistance as the index finger was 

repeatedly bent and straightened with an angle up to 120°. Figure 5b and c demonstrated the 

detection of repetitive wrist and elbow bending motion. Similarly, the resistance of the strain 

sensor increased during the bending, and returned to the original value when the wrist and 

elbow were recovered. The real-time current changes signals of wrist and knee joint bending 

were shown in Figure S12 which further confirmed the outstanding stability and fast response 

of the PDMS-TDI-CNT-based strain sensors. In addition to large-scale human motion 

surveillance, the strain sensor could be utilized to monitor and recognize facial micro-
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expressions (e.g., frown, blink, and cheek-bulge). As shown in Figure 5d, the ∆R/R0  signal 

could well reflect the facial expression change from a relaxed state to cheek-bulging, and the 

signal curve showed quite good repetitive patterns with the repeated cheek-bulging. The 

strain sensor was attached to the tester's forehead to further detect the frowning motion on the 

forehead (Figure 5e). The stretching of muscles around the forehead during tester frowning 

caused the tension of the sensor,
56

 which could be recorded by the change of ∆R/R0  signal. 

The repetition frowning motion resulted in a similar ∆R/R0 signal as shown in the real-time 

recording curve. Moreover, the strain sensor developed was also able to detect the motion of 

eye blinking as shown in Figure 5f. According to the equation (2) and (3), the lower ∆R/R0 

was caused by the relatively small strain change when measuring the eye blinking. These 

results verified the feasibility of the PDMS-TDI-CNT nanocomposite elastomer-based strain 

sensor to serve as an emotion detector to monitor the emotional variation of human beings. 

The developed strain sensor also showed excellent sensitivity to bending angles. When 

the bending angle was increased from 0° to 120°, the ∆R/R0 increased accordingly (Figure 

5g). The relationship between the bending angle and relative resistance changes can be fitted 

with a quartic function with a small a, b, and c factors, which implies a good linearity of the 

PDMS-TDI-CNT-based sensor when detecting the change of bending angle. The 

measurement of bending angle was evaluated by a simple finger bending experiment, As 

tested in Figure 5h, the ∆R/R0 signal was gradually increased as the bending angle was 

increased from 0° to 120°. Meanwhile, the signal of the strain sensor maintained almost the 

same when repeating the finger bending at the same angle indicating high sustainability and 

stability. The regeneration of the sensing ability of the strain sensor was also investigated by 

cutting the PDMS-TDI-CNT film into two separate pieces and allow them to heal at 60 °C 

for 9 h. As shown in Figure 5i and Movie S2, the i-t curve indicated that the strain sensor 

could regain sensing capability after self-healing, and the current maintained in the same 
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level with the original sensor attributing to the regeneration of hydrogen bonds in the cut 

region and the reconstruction of CNT conductive network. Considering the critical movement 

strain of human motion to be about 50 %,
57

 the stability and durability of as-prepared strain 

sensor was evaluated under the applied strain of 100 % and stretching speed of 100 mm min
-1

. 

As displayed in Figure S13, it is obvious that the PDMS-TDI-CNT elastomer-based sensor 

exhibits a stable and reliable performance even after 1000 stretching-releasing cycles. Such 

excellent durability greatly assures the effective working of the sensor in the potential 

applications. All these results revealed the outstanding repeatability, durability, 

responsiveness, and excellent self-healing property of the PDMS-TDI-CNT elastomer-based 

strain sensor, and demonstrated its potential application in wearable devices for body motion 

and facial expression monitoring. 
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Figure 5. Sensing performance of the strain sensor based on PDMS-TDI-4wt%CNT 

elastomer for human motions and facial expression detection: (a) index finger joint bending, 

(b) wrist joint bending, (c) elbow joint bending, (d) cheek-bulging, (e) frowning, and (f) 

blinking. Inset photographs show the corresponding motions of the tester. (g) ∆R/R0 change 

in dependence on the bending angle from 0° to 120° and corresponding fitted curve; (h) 

∆R/R0 signal of index finger bending to different angles monitored using the developed 

sensor; (i) Electric current signal of the strain sensor before and after self-healing at 60 °C for 

9 h when detecting wrist joint bending. 

3.4 Diverse Applications of the PDMS-TDI-CNT based sensor 

In addition to human motion detection, the developed PDMS-TDI-CNT-based sensor 

could find diverse applications in intelligent sensing and human-computer interaction, and 

intelligent control. Attributing to the easy processability of the PDMS-TDI-CNT elastomer, it 

could be applied to various substrates as a conductive sensing coating unit. For example, five 

sensing units were coated on a grip ball and connected in series to feature the grip ball with 

sensing capability. Each unit corresponds to a finger pressing point, and the current intensity 

represents the pressing force on the grip ball. As shown in Figure 6a and Movie S3, the real-

time current signal was higher, when the grip ball was pressed with more fingers, and each 

pressing cycle was indicated by a current peak. The corresponding peak current when the grip 

ball was pressed using different fingers could be fitted with a quartic function, and the a and b 

factors were one order of magnitude lower than the c and d factors, which suggested a 

moderate linearity in detecting finger pressure (Figure 6b). In addition, the PDMS-TDI-CNT-

based sensor could serve as a piezoresistive pressure sensor to recognize the capital letters 

written on the surfaces of itself using a gel pen by means of the discrepancy in the number of 

strokes and the writing strength for different letters (Figure 6c). Moreover, the strain sensor 

was also utilized to recognize the other capital letters by means of the discrepancy in the 
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number of strokes. It was interesting to note from the real-time current signal that the signal 

of each letter showed a different characteristic and repeatable peak pattern, e.g., letters “E” 

and “M” have three and four strokes, respectively. And the current signal corresponds to arise 

three and four characteristic peaks, each peak corresponds to a stroke (Figure 6d). Due to the 

unique characteristic of letters “O” and “I” including writing direction and stroke, the 

elastomer-based sensor can yield one and two characteristic current signals to easily 

distinguish different letters written (Figure S14). Obviously, when the same letter was 

repeatedly written, the characteristic signals remain excellent repeatability and stability. 

Taking advantage of the unique recognition characteristics of handwriting habits, the 

elastomer-based sensor has great application prospects in intelligent writing and identity 

recognition. 
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Figure 6. (a) Electric current signal of five sensor units attached on a grip ball when pressed 

using different numbers of fingers; (b) The fitting curve and quartic function relationship 

between the peak current and number of fingers; (c) Real-time current signal of the developed 

sensor using a gel pen writing on its surface for distinguishing 26 capital letters; (d) The 

piezoresistive response signal of “E” and “M” letters written on the elastomer-based sensor. 

In addition, the PDMS-TDI-CNT nanocomposite could be coated on other flexible 

substrates to render them with sensing ability. Compared with conventional conductive past 

that is easy to crack and fail in repetitive usage,
58

 the highly flexible self-healing PDMS-TDI-

CNT nanocomposite coating would provide superior sustainability and reliability. As a 

demonstration, a thin layer of PDMS-TDI-CNT nanocomposite was coated on a rubber band, 

and the band was instantly featured with stain sensing ability with fast response and excellent 

stability (Figure S15). 

Smart gloves incorporated with the PDMS-TDI-CNT sensing units were designed to 

fulfill the detecting and recognition of human sign language. To prepare the smart gloves, the 

viscous PDMS-TDI-CNT composite solution dissolved in THF was applied on the fingers of 

a fabric glove using a hairbrush followed by attaching of current leads and drying at 60 °C for 

12 h. Figure 7a shows a smart glove with sensor units attached to the proximal 

interphalangeal joints to detect large deformation in finger movement, and Figure 7b 

illustrates a smart glove with sensor units attached to the metacarpophalangeal joints to 

monitor small deformation in finger movement. As shown in Figure 7c and Movie S4, the 

real-time current signal clearly revealed that the movement of each finger could be accurately 

detected by each sensor, and the signal peaks of thumb and litter finger were much weaker 

than the other three fingers since they have smaller deformation when bending. In the same 

manner, the smart glove could also recognize the gestures of fingers with small deformation. 

As shown in Figure 7d, when making sign language actions of “L, O, V, E”, corresponding 
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current signals were generated on the fingers that have moved, which suggested that the 

bending strain of hand joints could be accommodated by the sensors. The fast and accurate 

response of the smart glove to hand movements manifests the high sensitivity of the 

developed PDMS-TDI-CNT-based sensor in real-time detection of micro-motions. Thus, the 

sign language could be read correctly by simply gathering the movement data obtained from 

the sensor units, which is highly favorable for distinguishing complex and similar human 

motions and holds great potential in advanced fields like gesture recognition, communication 

with deaf-mute people, human-computer interaction, and intelligent control.
59

 Therefore, the 

developed PDMS-TDI-CNT nanocomposite could be comfortably integrated with fabrics and 

other flexible devices without significantly interfering with their properties, while featuring 

them with excellent sensing and recognition attributes that are highly desirable for human 

wellness enhancement and next generation wearable electronics.
60

 

 

Figure 7. Illustration of PDMS-TDI-CNT nanocomposites coated on the (a) proximal 

interphalangeal joints of a white fabric glove and (b) metacarpophalangeal joints of a black 

fabric glove to detect large deformation and small deformation of finger gestures; (c) Real-
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time current signals are recorded from the motion of making a fist and relaxing wearing the 

white glove; (d) Current signals recorded using the black glove when recognizing the 

international sign language of L, O, V, and E letters. 

4. CONCLUSIONS 

In this work, a supramolecular PDMS-based polyurethane elastomer was synthesized 

through a facile one-pot polycondensation reaction using aminopropyl terminated PDMS and 

TDI. By incorporating carboxyl-functionalized CNTs into the PDMS-TDI elastomer matrix 

via ultrasonication-assisted solution mixing, PDMS-TDI-CNT nanocomposite elastomers 

with multiple hydrogen bonds and conductive network were prepared. The successful 

synthesis of elastomers was verified by 
1
H NMR and FTIR, and the uniform dispersion of 

CNTs in PDMS-TDI matrix was confirmed by SEM. Attributing to the high flexibility and 

presence of multiple hydrogen bonds, the nanocomposite elastomer showed excellent 

stretchability (over 1000 %) and healing efficiency (98.1 %). The strain sensor developed 

based on the PDMS-TDI-CNT nanocomposite possessed a high sensitivity of 2.43, fast 

response, and self-healing performances in the detection of various human motions including 

finger bending, wrist bending, elbow bending and handwriting, and different facial micro-

expressions such as cheek-bulging, frowning and blinking. Thanks to the flexibility and 

processability of the PDMS-TDI-CNT nanocomposite, it could be easily applied to various 

substrates to render them with sensing capability and extend their diverse applications. A 

smart grip ball equipped with PDMS-TDI-CNT nanocomposite sensor units could detect the 

pressure applied by a patient’s fingers. A sensor board based on the nanocomposite could 

recognize the letters written on it. Fabric gloves integrated with nanocomposite sensing units 

on different finger joints were able to monitor finger motion in real-time and accurately 

recognize the sign language. Therefore, the PDMS-TDI-CNT nanocomposite elastomer 

developed is promising for the development of wearable sensors for human motion detection 



25 

and intelligent devices for smart writing, gesture recognition, and human-computer 

interactions. 
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