
Title
Improved performance of strain sensors
constructed from highly crystalline graphene
with nanospacer

Author(s) Xu, Zizhao; Himura, Yuna; Ishiguro, Chikako et
al.

Citation Japanese Journal of Applied Physics. 2023,
63(1), p. 015001

Version Type AM

URL https://hdl.handle.net/11094/93340

rights
This article is licensed under a Creative
Commons Attribution-NonCommercial-NoDerivatives
3.0 International License.

Note 20231221: Preprint公開, 20250509: Accepted
Manuscriptに差替

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



Japanese Journal of Applied
Physics

     

ACCEPTED MANUSCRIPT

Improved performance of strain sensors constructed by highly crystalline
graphene with nanospacer
To cite this article before publication: Zizhao Xu et al 2023 Jpn. J. Appl. Phys. in press https://doi.org/10.35848/1347-4065/ad0cdb

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2023 The Japan Society of Applied Physics.

 

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript will be available for
reuse under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions may be required.
All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 133.1.104.100 on 20/11/2023 at 03:06

https://doi.org/10.35848/1347-4065/ad0cdb
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.35848/1347-4065/ad0cdb


1 

Improved performance of strain sensors constructed by highly 

crystalline graphene with nanospacer 

Zizhao Xu1*, Yuna Himura1, Chikako Ishiguro1, Taiki Inoue1, Yuta Nishina2, Yoshihiro 

Kobayashi1*  

1Department of Applied Physics, Graduate School of Engineering, Osaka University, 

2-1 Yamadaoka, Suita, Osaka, 565-0871, Japan 

2Research Core for Interdisciplinary Sciences, Okayama University, 3-1-1 Tsushima-

naka, Kita-ku, Okayama, 700-8530, Japan 

Email addresses: zizhao_xu@ap.eng.osaka-u.ac.jp, kobayashi@ap.eng.osaka-u.ac.jp  

 

Abstract  

Graphene shows promise as an alternative material for strain sensors, due to its 

excellent properties, which can overcome the limitations of conventional metal ones. 

However, current graphene-based strain sensors were fabricated from chemically 

reduced graphene oxide (rGO) and suffered from low linearity and large hysteresis in 

sensor response as well as high initial resistance. These issues should be caused by 

functional groups and defects remaining on the rGO. Herein, highly crystalline rGO is 

employed for the fabrication of the strain sensor. The porous rGO sponge with low 

defect density is prepared in bulk scale via the ethanol-associated thermal process at 

ultra-high temperature. The obtained rGO sensor exhibits improved linearity, low initial 

resistance, and very small hysteresis owing to the high crystallinity of the rGO. 

Composite of rGO with nano-diamond, which has a role as nanospacer to separate the 

rGO layers, is found to be very effective to enhance the sensitivity.  

Page 1 of 19 AUTHOR SUBMITTED MANUSCRIPT - JJAP-105249.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



2 

1. Introduction  

Strain sensors are devices aiming to convert changes in length into resistance signals1), 

which are being explored in various potential applications such as automated logistics 

transportation2), autonomous driving3), and human motion monitoring4, 5). The 

conventional strain sensors obtain resistance signals through a mechanism that involves 

resistance increase achieved by reducing the cross-sectional area of the internal metal 

wire when stretching. However, this mechanism results in low sensitivity and 

insufficient operating range6-8), making them incapable of meeting the demands of the 

applications in the future. Researchers have studied nanomaterials as strain sensor 

material9), including graphene10-12), carbon black particles13, 14), metal nanostructures15, 

16), and polymer nanofibers17). Unlike the metal wire with low stretchability in 

conventional stain sensors, nanomaterials offer high stretchablity18, 19) since they exist 

as individual components which can be easily separated, addressing the issue of a 

narrow operating range. Notably, graphene-based material10-12) was supposed to be an 

ideal candidate for strain sensors due to the excellent properties of monolayer graphene, 

such as mechanical strength, surface area, and electric conductivity20). 

However, the recently reported graphene-based strain sensors suffer from some 

issues, including low linearity21, 22), large hysteresis23), and high initial resistance24, 25), 

which restrict their practical application26). These issues arise due to the requirement of 

bulk-scale graphene in the fabrication of strain sensors. Typically bulk-scale graphene 

is produced through the reduction of graphene oxide (GO), where reducing chemical 

agents or hydrothermal treatment in an autoclave was employed. The graphene 

fabrication by chemical reduction of GO introduces the inevitable problems of the high 

defect density and functional group remaining on the prepared reduced GO (rGO)27), 

which can result in the mentioned issues. The low linearity, the most serious issue, 

should be attributed to the remaining functional groups22, 26), because they provide 
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undesirable cross-linking between rGO flakes28). The sensor response is evaluated by 

variation of electrical resistance for rGO samples and is dominated by the contact area 

between the rGO flakes in the sensor device. The cross-linking should cause non-linear 

deformation of rGO flakes on the strain sensor operation, leading to poor linearity in 

the sensor response of the relation between the resistance and device length. The large 

hysteresis, the second serious issue, should be due to the low mechanical strength, 

originating from the high defect density in the rGO 20, 29). The low mechanical strength 

of rGO flakes leads to inefficient stress transmission on rGO flake6, 30). This deviation 

from elastic deformation causes fluctuations in the contact area between rGO flakes 

during strain sensor operation. Accordingly, the resistance incompletely responds to 

deformation, and larger hysteresis should be observed from strain sensors with rGO 

with low crystallinity. The high initial resistance, the third serious issue, is also caused 

by the high defect density of rGO31, 32), which is the resistance of strain sensor without 

deformation. Therefore, a higher applied voltage is required for strain sensing, as strain 

sensors are typically read by measuring the current at a constant voltage. Accordingly, 

the issues of low linearity, large hysteresis, and high initial resistance can be solved by 

utilizing highly crystalline rGO with low defect density and a reduced number of 

functional groups. Bulk-scale rGO with high crystallinity can be obtained through our 

previous study33, 34), including freeze-drying and ethanol-associated ultra-high 

temperature process. Additionally, the random-stacking structure of rGO can also be 

achieved and is expected to exhibit high conductivity due to reduced interaction 

between rGO layers compared with AB-stacked graphene35, 36). It has been proved that 

the randomly stacked structure of rGO can achieve excellent properties similar to those 

of monolayer graphene, surpassing those of the AB-stacked structure35, 36). 

Moreover, we propose a novel strategy to further enhance the sensitivity. Compared 

to conventional metal-based strain sensors, rGO exists as individual flakes in graphene-
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based strain sensor, which can effectively separate by stretching operation. To further 

reduce the interaction between rGO flakes and enhance the sensor sensitivity, nano-

diamonds (NDs) were added as a nanospacer between rGO flakes to physically prevent 

stacking and effectively separate the rGO flakes during the sensor operation. The ND 

is made up of an inner layer of a cubic diamond crystal (sp3-hybridization) and a surface 

layer of oxygen-containing groups37, 38). Notably, while graphene is a two-dimensional 

(2D) material, ND is a zero-dimension (0D) material. The ND is transformed into 

carbon nano-onion (CNO)39) by thermal treatment at more than 1000 °C, which can 

facilitate the separation of rGO flakes40, 41). It should be noted that the CNO can form a 

conductive path for current in sensor devices since it is composed of sp2-hybridization 

and is highly conductive42). This combination of graphene and the ND forms resilient 

2D/0D mixed-dimensional heterostructures, effectively reducing the contact area 

between rGO flakes and yielding a higher resistance difference during sensor operation. 

Accordingly, the composite of rGO with ND as nanospacer was examined in this study 

for promising material to enhance the sensitivity of strain sensors. 

In this study, to achieve high linearity, small hysteresis, and low initial resistance in 

graphene-based strain sensor, we used the freeze-drying and the ethanol-associated 

ultra-high temperature process to improve the crystallinity of rGO. Moreover, to 

ameliorate the sensitivity of the strain sensor, we investigated the effect of ND addition 

on reducing the interaction between rGO flakes. Also, we constructed a model to 

understand the unexpected trends of the resistance of strain sensor with increasing ND 

concentration. The strain sensor possessing high linearity, high sensitivity, and low 

initial resistance will pave the way for utilization, such as human motion detection and 

automated logistics transportation. 
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2. Experimental 

Figure 1 shows the fabrication process of strain sensors from rGO. GO dispersion (1 

wt%) was prepared using a modified Hummers' method43). The size of the GO flakes 

was measured to be approximately 10 m by optical microscopy. The NDs were 

prepared using the detonation method, which had an average diameter of 5 nm by an 

atomic force microscopy. The water dispersion of NDs with 1 wt% was applied as 

received from Nippon Kayaku Co. The sponges of GO and GO/ND were prepared by 

blending and freeze-drying as stated in our former research34). 

 

 

Fig. 1. Process of rGO strain sensor preparation  

 

The GO and composite sponges were reduced and repaired under ultra-high 

temperature conditions with pure Ar or ethanol/Ar33, 34). We used a tubular electric 

furnace (HT1500-50-32P, HEAT TECH Co.) to conduct the ultra-high temperature 

process at 1000 °C or 1500 °C, with a vacuum pump keeping the chamber at low 

pressure. The rGO sample was prepared from GO sponge without ND under the 

condition with pure Ar at 1000 °C and with ethanol/Ar at 1500 °C, named as G-1000Ar 

and G-0, respectively. The GO/ND sponge samples were treated at 1500 °C with 

ethanol/Ar, and are named as GD-1, GD-2, GD-3, GD-4, and GD-5 according to the 
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concentration of mixed ND for 0.01 wt%, 0.02 wt%, 0.05 wt%, 0.1 wt%, and 0.2 wt%, 

respectively. The series of the samples is also called GDs. 

To prepare a strain sensor, the obtained G-1000Ar, G-0, and GDs sponges were cut 

into 5 mm ×5 mm ×5 mm cubes. The dimethylsiloxane was mixed with the initiator. 

This mixture was poured into the mold and heated at 80 °C for 7 min, and the partially 

polymerized polydimethylsiloxane (PDMS) film was obtained with about 35 mm ×25 

mm ×2 mm. The cut sponge(G-1000Ar, G-0, or GDs), silver paste, and copper wire 

were placed on the PDMS film, and covered with another PDMS film, as shown in Fig. 

1. By applying pressure and further heat treatment (66 kPa and 80 °C for 10 min), strain 

sensors were obtained to be ready for the operation. 

Raman spectra were obtained by LabRAM HR-800 UV (Horiba Jobin Yvon) with a 

532 nm wavelength for the excitation laser, 1 mW power, and ~0.7 μm of spot size. All 

the Raman results are obtained by averaging the data measured from 20 random spots. 

Scanning electron microscopy (SEM) observations were performed using VE-8800 

(Keyence) and S-4800 (Hitachi High-Tech) at an acceleration voltage of 15 kV. 

The sensor performance was tested with a lab-made measuring device, as shown in 

Fig. S1. The device consisted of two parts: the sensor operation part and the resistance 

measurement part. The sensor operation part consisted mainly of a stepping motor and 

its control unit, while the resistance measurement part was implemented by a DC 

voltage-current source/monitor (ADC 6241A). The contact resistance was evaluated by 

comparing the initial resistance of GDs obtained using both the 2-wire and 4-wire 

methods, as well as the comparison of sensor performance of G-0 evaluated separately 

using both methods, as shown in Fig. S1. It should be noted that the 2-wire method was 

exclusively used for this evaluation, whereas the 4-wire method was employed for all 

other samples to ensure accurate measurements by minimizing the influence of contact 

resistance between the wires and the strain sensor. Measured parameters to evaluate the 
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sensor performance are denoted as follows. L0 and R0 are the initial length and 

resistance of a sponge sample without deformation, and ΔL and ΔR are the difference 

of the length and the resistance between initial and operating conditions, respectively. 

ΔL/L0 and ΔR/R0 are the relative variation of length and resistance and were utilized for 

the evaluation of the sensor performance. Before the stretching process, R0 was 

measured. In the stretching process, the sample was stretched up to 40% of ΔL/L0. The 

stretching process had five steps. Each step consists of 8% stretching in length (ΔL/L0), 

pausing for 2 s to stabilize possible delay of the deformation, and measurement of the 

resistance for strain sensing. After five steps of the stretching processes were completed, 

the sensor was operated to reverse direction for releasing the strain with the same step 

interval as the stretching process. The resistance at each step in the releasing process 

was measured and compared with the resistance for the stretching process to evaluate 

the hysteresis in the sensor operation. Thus, ΔR of each step can be obtained, and the 

ΔRmax was measured at the maximum of the ΔL/L0 (40%). The stretching and releasing 

processes were repeated ten times to obtain the averaged ΔR/R0. In this study, the 

sensitivity of the strain sensor is evaluated by gauge factor (GF), which is defined as 

GF = (ΔR/R0)/(ΔL/L0). The linearity is obtained by the adjusted coefficient of 

determination of the linear regression of GF. The adjusted coefficient of determination 

is a statistical metric used to evaluate the accuracy of a model. In the strain sensor 

operation, proportional relationship between ΔR/R0 and ΔL/L0 indicates the sensor 

response with high linearity, which corresponds to improved accuracy of the measured 

value.  

 

3. Result and discussion 

To confirm the impact of rGO crystallinity on sensor performance, rGO samples of G-

1000Ar and G-0 prepared by the thermal process at 1000 °C and 1500 °C were 
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examined. No spacer material was incorporated in these samples for simplicity. The 

Raman spectra of G-034) and G-1000Ar had been measured for the evaluation of 

crystallinity, as indicated in Fig. 2(a). The intensity ratio of the D-band to the G-band 

I(D)/I(G) corresponded to the defect density in graphene44). Fig. 2 (b) and (c) showed 

the observed sensor response from these samples, and the R0 and the analyzed GF were 

plotted in Fig.2(d).  

 

 

Fig. 2. (a) Raman spectra of G-1000Ar and G-0. Sensor operation of (b) G-1000Ar and 

(c) G-0 during the sensor operation process. (d) R0 and GF of G-1000Ar and G-0. 

 

Much lower I(D)/I(G) was observed from G-0 compared with G-1000Ar, indicating 

a lower defect density of G-0, where stronger mechanical strength should be expected 

due to high crystallinity. The D′-band observed at 1620 cm-1 for G-1000Ar also 

indicates a high defect density45). As for the linearity of the sensor response, both G-0 

and G-1000Ar were observed to exhibit higher linearity compared with the previous 
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reports23). This response preferable for sensor operation might be originated from the 

thermal process at high temperature, which causes the improved crystallinity and the 

removal of the functional groups, resulting in the reduction of cross-linking between 

rGO layers. Relatively small hysteresis was observed from both G-1000Ar and G-0, as 

seen in Fig. 2 (b) and (c). A closer inspection of the differences revealed that G-1000Ar 

showed slightly larger hysteresis than that of G-0. This might be due to the decreased 

mechanical strength20, 29) caused by the lower crystallinity for G-1000Ar, which shows 

higher I(D)/I(G) in the Raman spectrum. The rGO flakes with higher defect density 

could not perfectly follow the strain during the sensor operation because of the unstable 

connection of rGO layers. Hence, slight hysteresis of the resistance was observed from 

G-1000Ar. On the other hand, G-0 exhibited higher crystallinity due to the ethanol-

associated ultra-high temperature process and is expected to provide higher mechanical 

strength. Accordingly, the rGO flakes with lower defect density could be deformed 

elastically, and the connection of the rGO flake should be stable and similar for the 

stretching and releasing operation of the sensor. Hence, smaller hysteresis of the 

resistance was observed from G-0. Higher crystallinity also affected the initial 

resistance R0 significantly. As shown in Fig. 2 (d), R0 decreased from 7.70 Ω for G-

1000Ar to 2.25 Ω for G-0, indicating improved conductance of rGO with lower defect 

density. The sensitivity of the strain sensor was evaluated by GF, which was obtained 

by the analysis of ΔR/R0 and ΔL/L0. Contrary to expectation, as shown in Fig. 2 (d), GF 

of G-0 was a similar value (~3.7) to that of G-1000Ar in spite of the large difference of 

their crystallinity and significant decrease of R0 for G-0. This unexpected result might 

be caused by coordinated variation of ΔR and R0, suggesting that the ΔR should be 

enlarged for achieving higher sensitivity.  

As achieved for G-0, better linearity, smaller hysteresis, and lower R0 will be 

expected for samples with higher crystallinity. Therefore, the condition of 1500 °C and 
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Ar/ethanol gas was employed in the following study. In order to enhance ΔR during 

sensor operation and the sensitivity (GF), we attempted to improve the separation of 

rGO flakes by reducing their interaction with the addition of ND. 

 

 

Fig. 3. (a) Raman spectra of GDs and G-0. (b) I(D)/I(G) ratio of G-1000Ar, G-0, and 

GDs. Sensor operation of (c) GD-1 and (d) GD-5 during the stretching and releasing 

process. (e) R0 and ΔR against spacer concentration. (f) GF and linearity against spacer 

concentration.  
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Composite of rGO and various concentrations of ND was fabricated in the sponge 

form and was used for sensor operation after structural analysis by Raman spectroscopy. 

The Raman spectra and their I(D)/I(G) analysis for G-0 and GDs samples were already 

reported in our former work34) and were shown again as Fig 3 (a) and (b). The Raman 

result showed that the I(D)/I(G) ratios of the GDs samples ranged between 0.42−0.65, 

which were close to that of G-0 and lower than that of G-1000Ar. This means that the 

defect density of GDs and G-0 are quite comparable. The relationship between ΔR/R0 

and ΔL/L0 evaluated during the sensor operation was indicated in Fig. 3 (c) and (d) for 

GD-1 and GD-5, and in Fig. S2 for GD-2, GD-3, and GD-4. It should be noted that all 

the sensors exhibited high durability and reproducibility for 10 cycles (Fig. S3 (a-g)). 

An extensive testing with the G-0 sample for 300 cycles also confirmed the high 

durability of the sensor (Fig. S3 (h)).  

As indicated in Fig. 3 (e), the R0 values from G-0 and GDs were almost constant and 

did not virtually depend on the ND concentration, ranging between 2.23–3.02 Ω. On 

the other hand, the ΔRmax increased from 2.75 to 7.37 Ω by adding a relatively lower 

concentration of ND (0.01–0.02 wt%), and then decreased to about 3.47 Ω by adding a 

relatively higher concentration of ND more than 0.02 wt%. The dependence of the 

linearity and GF on ND concentration were plotted in Fig. 3 (f), where high linearity 

ranging mostly between 0.92 to 0.98 was observed for G-0 and GDs. The hysteresis for 

ΔR/R0–ΔL/L0 relationship in stretching and releasing operation was negligibly small for 

GDs, indicating that structural deformation by the stretching and releasing process 

should be very stable. Unusual behavior of GF was observed for the increase of ND 

concentration. The GF suddenly increased from 3.8 (G-0) to 6.6 (GD-1) by adding a 

small amount of ND. The increase of GF, however, became maximum at 0.01 wt% of 

ND (GD-1), and the GF gradually decreased to 4.4 by adding a higher concentration of 
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ND. As summarized in Fig. S4, the sensor performance obtained from GD-1 surpassed 

that of the reported value in previous studies. 

The morphology of the rGO samples before and after sensor operation was observed 

using SEM (Fig. S5). Note that the diameter of NDs is approximately 5 nm, which is 

too small for SEM observation. Regarding the microstructure of rGO flakes, there are 

no significant changes or noticeable increases in cracks after stretching. This suggests 

that sensors undergo reversible structural changes on a micrometer scale during sensor 

operation. 

For the sensor performances with different ND concentrations, the R0 showed similar 

values regardless of ND addition, while the ΔRmax first reached the peak after adding 

ND and subsequently decreased with increasing ND concentration (Fig. 3 (e)). To 

understand the trends of the R0 and the ΔRmax observed in our experiment, we 

constructed a model that simplifies the structure of the rGO sponge. In this model, the 

resistance of the rGO sponge was considered as the combined resistance of identical 

unit components that were connected in series and parallel, as shown in Fig. 4 (a). We 

define a pair of multilayer rGO flakes as the unit component of G-0, as shown in Fig. 4 

(b), and that of GDs will be explained later. This model was based on the assumptions 

that the sponge was homogenously composed of numerous rGO flakes and that the 

change in the resistance of the sponge at stretching was determined only by the change 

in contact resistance between rGO flakes, while the resistance of a single rGO flake 

remained constant. We employ the intrinsic resistance of a single rGO flake (Ri), the 

contact resistance between two rGO flakes at releasing (Rc), and the difference in the 

contact resistance at stretching (ΔRc). The resistances of G-0 and GDs were denoted 

with suffixes, such as Ri(G-0) and Ri(GD). The Ri is determined by resistivity, cross-

sectional area, and length of rGO flakes. As we assumed that the rGO flakes possessed 

the same resistivity and flake size, the Ri depends only on the rGO flake thickness. In 
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our previous work,34) the rGO flake thickness of G-0 is evaluated to be twice that of 

GDs (~10 nm and ~5 nm, respectively), suggesting that 2Ri(G-0) = Ri(GD). Meanwhile, 

the Rc is determined by the contact area between two rGO flakes. The resistance of the 

unit component of G-0 at the initial state is 2Ri(G-0)+Rc(G-0) (Fig. 4 (b)). Because the 

total amount of rGO was the same for G-0 and GDs and the thickness was half for GDs, 

the number of rGO flakes in GDs was twice that of G-0. Thus, we defined two pairs of 

rGO flakes connected in parallel as the unit component of GDs, as shown in Fig. 4 (c), 

so that the numbers of unit components were the same for G-0 and GDs. Accordingly, 

the resistance of the unit component of GDs at the initial state is expressed as 

(2Ri(GD)+Rc(GD))/2.  

Based on the model, we explained the experimental result that the R0 exhibited a 

similar value in G-0 and GDs. Because the rGO sponges, G-0 and GDs, were 

isotopically composed of the same number of each unit component, their resistances R0 

were proportional to the resistances of the corresponding unit components. From the 

definitions of the unit components and the relation of Ri(G-0) and Ri(GD) as discussed 

above, the resistances of the unit components of G-0 and GDs can be expressed as 

2Ri(G-0)+Rc(G-0) and 2Ri(G-0)+Rc(GD)/2, respectively. Moreover, regarding Rc, our 

previous study46) has revealed that the non-contact area and contact area of rGO flakes 

possess similar sheet resistance, which is consistent with other studies47, 48). This 

indicates that the Rc was much smaller than the Ri for the rGO flakes with high 

crystallinity and that the contribution of the Rc to the R0 was negligibly small compared 

with that of the Ri. Consequently, the R0 of both G-0 and GDs was approximated as 

2Ri(G-0), which can explain the comparable values of the R0 for G-0 and GDs. 

 

Page 13 of 19 AUTHOR SUBMITTED MANUSCRIPT - JJAP-105249.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



14 

 

Fig. 4. (a) Schematic image of the model in which the rGO sponge is composed of unit 

components. (b–d) Schematic images of unit components of (b) G-0 when releasing 

(2Ri(G-0)+Rc), (c) GDs when releasing (2Ri(GD)+Rc), and (d) G-0 when stretching 

(2Ri(G-0)+Rc+ΔRc). (e) Schematic image showing the nanospacer effect in the strain 

sensor with increasing spacer concentration. There are three stages from left to right: a 

graphene sponge with no spacers, one with a lower spacer concentration, and one with 

a higher spacer concentration. The length of the strain sensors during stretching and 

releasing, L0 and L0+ΔL, respectively, were shown on the left side. 
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We then discussed the variation of ΔRmax with the ND concentration based on the 

model. The resistance of the unit component of G-0 at stretching is expressed as 2Ri(G-

0)+Rc(G-0)+ΔRc(G-0), as shown in Fig. 4 (d). Considering the change from the released 

state to the stretched state, ΔRmax(G-0) was proportional to ΔRc(G-0) at the highest strain 

(length was L0+ΔL). Similarly, ΔRmax(GD) was proportional to ΔRc(GD)/2. Thus, the 

ΔRc with different ND concentration should be considered for explaining the trend of 

ΔRmax. In our experiment, the ΔRmax firstly reached a peak at a low spacer concentration, 

and then it decreased with further increasing spacer concentration (Fig. 3 (e)). Thus, the 

variation of ΔRmax was divided into three stages depending on the ND concentration, as 

shown in Fig. 4 (e). Note that our previous X-ray diffraction analysis has revealed the 

presence of NDs between rGO flakes in the composite sponge34). In stage I, the ΔRc of 

the pure rGO sample (G-0) indicated a certain positive value because of the decreased 

contact area for the separation of the rGO flakes during stretching. In stage II, by adding 

a small amount of ND (GD-1 and GD-2), much higher ΔRc was obtained after stretching 

than that of stage I. The steeper decrease in the contact area of the rGO flakes in GDs, 

than that of G-0, was attributed to the annealed ND, which can facilitate the separation 

of rGO flakes40, 41). Thus, the sample of stage II achieved the highest ΔRc and 

accordingly the highest ΔRmax because of the low contact area and the least conductive 

path of annealed ND compared to those of other samples. In stage III, the ΔRc decreased 

with further increasing the ND concentration. From the diameter of the annealed ND 

and the thickness of the rGO flakes, we calculated the occupation of the projected area 

of annealed ND on the rGO flake to be about 23% in GD-5, as shown in Fig. S6. The 

high occupation of the projected area by annealed ND (CNO), which was electrically 

conductive, can provide additional conductive paths, even between separated rGO 

flakes during stretching. This brought about decreases in ΔRc and then in ΔRmax in stage 
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III. Consequently, the ΔRmax reached a peak at a low spacer concentration and decreased 

when the spacer concentration was further increased. 

 

4. Conclusion 

In this study, high linearity, small hysteresis, and low R0 were achieved in the rGO strain 

sensor, by realizing the high crystallinity in the rGO sponge via ethanol-associated 

ultra-high temperature process. The R0 decreased from 7.7 Ω to 2.25 Ω for the increase 

in the crystallinity. Then, the sensitivity of the strain sensor was further improved by 

the addition of ND, because the annealed ND can facilitate the separation of rGO flakes 

during stretching. After adding ND, the GF first increased from 3.7 (G-0) to 6.6 (GD-

1), but it decreased to 4.4 (GD-5) for a further increase in ND concentration. The 

behavior of ΔRmax and R0 of G-0 and GDs were understood by analyzing the Ri and the 

Rc under stretching or releasing based on the structural model. Accordingly, by 

increasing the crystallinity and adding a low concentration of ND, the strain sensor can 

achieve high linearity, small hysteresis, and low R0, as well as improved GF, making it 

a promising candidate for future applications, such as human motion detection and 

automated logistics transportation. 
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Figure S1 (a) Schematic image of lab-made measurement set-up for strain sensor, (b) the initial 

resistance obtained by the 2-wire and 4-wire methods, (c) Typical result of strain sensor 

performance testing, and the sensor performance obtained by the 2-wire and 4-wire methods. 
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Figure S2 Sensor performance of (a) GD-2, (b) GD-3, and (c) GD-4. 

 

 

Figure S3 Sensor operation of each cycle of (a) G-1000Ar, (b) G-0, (c) GD-1, (d) GD-2, (e) 

GD-3, (f) GD-4, and (g) GD-5. (h) Sensor durability testing of G-0. 
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Figure S4 Other previous studies of linearity and sensitivity on graphene-based strain sensors.1-

8) 

 

 

Figure S5 SEM images of samples before sensor operation: (a) G-0, (b) GD-1, and (c) GD-5; 

and samples after sensor operation: (d) G-0, (e) GD-1, and (f) GD-5. 
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Figure S6 (a) The occupation of the projected area of annealed ND on the 5-nm-thickness rGO 

flake of GD-5. (b) The assumption of ND possessed a square lattice arrangement. 

 

The GD-5 sample was prepared by incorporating 0.8 wt% of GO, 0.2 wt% ND, and 99% water. 

For a 1-cm3 sponge, the mass of ND (m(ND)) was 0.002 g, and the mass of GO (m(GO)) was 

0.008 g. Considering the respective densities of GO (ρ(GO)) and ND (ρ(ND)), which are 

0.00216 g/mm3 and 0.00352 g/mm3, the volumes of GO and ND can be calculated as follows: 

V(GO) = 0.008/0.00216 = 3.70 mm3 = 3.7 × 1036 nm3 

V(ND) = 0.002/0.00352 = 0.568 mm3 = 0.568 × 1036 nm3 

For a single ND particle with a diameter of 5 nm, its volume (V(1-ND)) can be determined 

using the formula for the volume of a sphere: 

V(1-ND) = 4/3 × 3.14 × 2.53 = 65.4 nm3 

By dividing the V(ND) by the V(1-ND), the number of ND particles (n(ND)) in the sample can 

be calculated: 

n(ND) = 0.568 × 1036 nm3 / 65.4 nm3 = 8.69 × 1033 

Next, the size of graphene, s(GO), with a thickness of 5 nm can be determined by dividing 

V(GO) by the thickness, as shown in S5 (a): 

s(GO) = 3.70 × 1036 nm3 / 5 nm = 7.41 × 1035 nm2 

To calculate the area of graphene that accommodates a single ND particle, A(ND), the s(GO) 



5 

 

is divided by the n(ND): 

A(ND) = 7.41 × 1035 nm2 / 8.69 × 1033 = 85.3 nm2 

Furthermore, assuming that the ND possessed a square lattice arrangement, the distance 

between two ND particles, d(ND), can be obtained by taking the square root of the A(ND), as 

shown in S5 (b): 

d(ND) = √85.3 nm^2 = 9.23 nm 

Similarly, the d(ND) and the occupation of the projected area of annealed ND on the rGO flake 

for GD-1, GD-2, GD-3, GD-4, and GD-5 can be obtained as follows: 

GD-1: 41.3 nm (1.2%) 

GD-2: 29.2 nm (2.3%) 

GD-3: 18.5 nm (5.7%) 

GD-4: 13.1 nm (11.4%) 

GD-5: 9.23 nm (23.0%) 

Accordingly, the occupation of the projected area of annealed ND on the rGO flake was 

obtained. 
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