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structures in the MWCNT interlacing network. In 
particular, the rheological properties of the compos-
ites revealed shear thinning and thixotropic behavior, 
which resulted in fine printing of the sensing elec-
trodes. Furthermore, the shape of the printed patterns, 
imparted by the pattern morphology, significantly 
influenced the strain-sensing performance. In particu-
lar, the Ni/MWCNT composite-based strain sensor 
exhibited a higher gauge factor of 13.9, with a high 
sensing recovery of 90.4% and stability over 23,500 
bending cycles.
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Introduction

An environment friendly cellulose paper-based strain 
sensor that converts mechanical strain into an electri-
cal output signal has been widely utilized in various 
applications for tracking human movement, monitor-
ing mechanical deformation, and in water-containing 
circumstances (Liu et al. 2017a, b; Qi et al. 2020b). 
To improve the performance of the cellulose-paper-
based strain sensor, functional conductive materials 
were used to realize a change in resistance accord-
ing to mechanical deformation. Au or Ag nanowires 
(Gong et  al. 2015; Hwang et  al. 2022; Jiang et  al. 
2019; Najafabadi et  al. 2014), graphene (Mehmood 

Abstract Printing technology for electronic devices 
has garnered considerable attention owing to its rapid 
and massive productivity under ambient conditions. 
In this study, a facile approach is proposed for manu-
facturing cellulose paper-based strain sensors with 
Ni/multi-walled carbon nanotube (MWCNT) com-
posites using roll stamping technology. This process 
enables the fabrication of stable sensing structures 
owing to the formation of stable Ni core-enveloping 
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et  al. 2020; Zhao et  al. 2013) and ZnO nanowires 
(Desai and Haque 2007; Jenkins and Yang 2017) have 
been previously used. However, the performance of 
flexible paper-based strain sensors using these materi-
als with conventional processing methods is limited 
because of their low electrical conductivity, scal-
ability, and applications (Qi et al. 2020a; Qi and Lim 
2022). Recently, carbon nanotube (CNT) compos-
ites have circumvented these limitations and exhib-
ited excellent mechanical and electrical properties 
for use in strain sensors (Sezer and Eren 2019; Song 
et al. 2020; Spitalsky et al. 2010). However, because 
problems of aggregation emerge on the part of CNTs 
(Mayappan et  al. 2016; Yang et  al. 2017), function-
alized metal–CNT composites have been suggested 
for suitable dispersal and bonding structures (Li et al. 
2019). Among the various choices, Ni is suitable for 
deposition on CNT surfaces in diverse forming pro-
cesses to improve its functionality (Freitas et al. 2012; 
Mandal and Mondal 2018; Yim et  al. 2016). How-
ever, Ni/multi-walled CNT (Ni/MWCNT) composites 
formulated by solution processes have rarely been 
employed in cellulose paper-based strain sensors to 
improve their performance.

Various types of printing or coating technologies 
can be used for the fabrication of cellulose paper-
based flexible strain sensors, including screen print-
ing, inkjet printing, and roll-based imprinting pro-
cesses (Qi et  al. 2020b; Wei et  al. 2015). Among 
these, imprinting processes are attractive for the fab-
rication of such sensors owing to their high produc-
tivity. However, conventional imprinting processes 
using flat-type stamps suffer from low efficiency, 
nonuniformity, and small replication areas (Lan et al. 
2010). In contrast, roll-based imprinting is advan-
tageous because it works continuously, leading to 
higher uniformity, lower loading pressure, simpler 
structure, higher efficiency, and lower fabrication cost 
(Lan et al. 2008).

In this study, Ni/MWCNT composite is synthe-
sized through a sequential formulation process to 
function as ink for the roll stamping process in the 
fabrication of cellulose paper-based strain sensors. 
The rheological properties of the composite are sys-
tematically studied to confirm the printability. Roll 
stamping patterns are fabricated using a digital light 
processing (DLP)-based 3D printer to realize high 
pattern quality with low cost. Subsequently, the Ni/
MWCNT composites are printed on paper, and the 

performance of the printed strain sensor is evaluated. 
The cellulose paper-based Ni/MWCNT flexible strain 
sensor exhibits a gauge factor of 13 and excellent 
bending stability for 23,500 cycles.

Experimental section

Raw materials

Ni (CAS-No.:7440-02-0, MW:58.69  g   mol−1, 
< 50  µm, 99.7% trace metals), Butylcarbitol and 
polyvinyl butyral (PVB) terpolymers (CAS-
No.:63148-65-2, 432.90  g   mol−1, 99.99% purity) 
were purchased from Sigma-Aldrich. MWCNTs (US 
Research Nanomaterials, Inc.) utilized have an exter-
nal diameter of 5–15 nm and purity higher than 95%. 
Fluorosurfactant (FC-4430) was purchased from 3M 
(USA). SteroColl ® HS, FoamStar® SI 2213, and 
Hydropalat® WE 3475 were obtained from BASF. 
The cellulose paper was in A4 format and was pur-
chased from Double-A PLC. In Figure S1, A4 paper 
shows a large C–O–C peak, which results from cel-
lulose or holocellulose. The second largest peak cor-
responds to the C=O vibration, which can be due to 
lignin. Thus, A4 paper was considered to have a high 
lignin content. Indeed, the mass ratio of lignin to hol-
ocellulose was 1:1, as analyzed using the Van Soest 
procedure (Yun et al. 2018).

Preparation of Ni/MWCNT and Ni composites

A simple, inexpensive, room-temperature process 
was used to prepare the Ni/MWCNT composite. The 
Ni to MWCNT ratio was 20:1. The weight ratios of 
the Ni/MWCNT composites, dispersant (FC-4430, 
providing low surface tension), solvent-resin vehi-
cle (butyl carbitol and PVB), thickener (Sterocoll 
HS, rheology modifier), defoaming agent (FoamStar 
SI 2213), and wetting agent (Hydropalat WE 3475) 
were 50.8:0.1:47:1:0.1:1. These materials were 
mixed using a vortex agitator (Daihan Scientific) at 
1000 revolutions per minute for 12  h. The compos-
ites were added to a planetary centrifugal bubble-free 
mixer (ARE-310, THINKY U.S.A., Inc.) for 20 min 
and then degassed three times for 5  min. A control 
group of nickel composites was also prepared using 
the same process. The weight ratios of Ni powder, 
dispersant (FC-4430, providing low surface tension), 
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solvent-resin vehicle (butyl carbitol and PVB), thick-
ener (Sterocoll HS, rheology modifier), defoaming 
agent (FoamStar SI 2213), and wetting agent (Hydro-
palat WE 3475) were 50.8:0.1:47:1:0.1:1.

Roll stamping of paper-based strain sensor with Ni/
MWCNT composites

A flexible strain sensor with micron-scale electrodes 
was fabricated to confirm the applicability of the roll 
stamping method to strain sensors. The film thick-
ness of 0.05 mm was evenly coated on the steel plate 
using a doctor blade. The roller rolls at a speed of 
15  mm   s−1 to dip the composite and then transfers 
the composite to the paper substrate to complete the 
stamp action. The nip pressure was controlled by 
adjusting the gap between the roll and substrate.

Characterization

The water contact angle was analyzed using the ses-
sile drop method with surface electro-optics (Phoenix 
300 Touch, Korea). The viscosity of the Ni/MWCNT 
composite was measured using a hybrid rheometer 
(Discovery HR-3, USA) with a 25 mm parallel plate 
geometry (Peltier plate Steel—107199) and a 100 µm 
gap. All measurements were performed at room tem-
perature (25 °C). The structure of the Ni/MWCNT on 
paper was determined using X-ray diffraction (XRD, 
X’pert Pro Powder, Netherlands) analysis with Cu 

Kα radiation (λ = 1.5405  Å) at 2θ between 5° and 
80° with a scan step size of 0.033°. A source meter 
(Keithley 2400, USA) with a current signal system 
voltage of 0.1 V was used to test the durability of the 
sensor using a bending system (OWIS PS 10-32 Ger-
many) at a speed of 10 mm  s−1. The bending radius 
was 20.28 mm after 23,500 cycles. The morphology 
of the composite films was analyzed by field-emission 
scanning electron microscopy (FE-SEM, SUPRA 
40VP, Carl Zeiss) at the Center for University-Wide 
Research Facilities (CURF) at Jeonbuk National 
University. Roll stamping patterns were fabricated 
using a DLP-based 3D printer (Carima IMC, Repub-
lic of Korea) by curing photopolymer urethane resin 
(CFY063W, Carima) at the rate of 0.05 mm per layer 
with an exposure time of 1 s per layer.

Results and discussion

Figure 1a–c show a schematic cross-section of the roll 
stamping reel, an image of the cellulose paper-based 
Ni/MWCNT sensors, and the schemes of various 3D 
printed templates used for roll stamping, respectively. 
The substrates obtained by DLP-type 3D printing 
have various advantages such as low cost, diversified 
design elements, simplified production process, and 
printing accuracy.

Figure  2a shows an image of the Ni/MWCNT 
composite and a schematic representation of the 

Fig. 1  a Schematic cross-
section of a roll stamping 
reel, and b real image of the 
roll stamping process for 
cellulose paper-based Ni/
MWCNT sensors. c Various 
3D printing templates for 
roll stamping
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bionic design. The formation of a dense network of 
MWCNTs effectively overcomes the gaps between 
the nickel particles, particularly in the case of exter-
nal tension, which guarantees an effective electronic 
path. MWCNTs played a similar role to the cilia of 
bacteria (Fig.  2a-1). There are two major classes of 
cilia: motile and non-motile cilia (Falk et  al. 2015). 
In addition to motor functions, cilia also play a role 
in cellular communication and molecular transport. 
Immobile cilia are sensory organs that detect signals 
and mediate their transfer in sensory neurons (Capel-
son and Hetzer 2009; Girirajan et  al. 2011). MWC-
NTs, similar to bacterial cilia, increase electron paths 
and contact area, promoting the stability of the sensor, 
especially under tensile stress (Fig. 2a-2). To investi-
gate the printability of the Ni/MWCNT composite, as 
shown in Fig. 2b, various rheological properties were 
evaluated; the tests were repeated three times and 
representative results were obtained. In Fig.  2b, the 
steady-state test reveals shear-thinning behavior with 

increasing shear rate, which is generally observed 
in printing processes where an applied shear force 
exists (Reinhardt et  al. 2018). Figure  2c illustrates 
the thixotropic behavior of the composite simulating 
the roll stamping process by performing peak-hold 
experiments at different shear rates and three differ-
ent periods. In the first stage, a shear rate of 0.1   s−1 
was continuous for 30 s to simulate loading the com-
posite on the roller, followed by an appropriate shear 
rate of 100   s−1, which indicated that the composite 
transfer action performed. Further, the shear rate was 
decreased from 100 to 0.1   s−1 and run for 100  s to 
simulate the deposition of the composites on the sub-
strate. The elasticity of the composite was evaluated 
according to the recovery rate, which in turn affected 
the pattern fidelity (Fig. 2c). The results showed that 
the composite exhibited evident thixotropic behav-
ior over time, and the recovery rate at the leveling 
point (125  s) was greater than 90%, indicating that 
the Ni/MWCNT composite had high elasticity. These 

Fig. 2  a Photograph of 
Ni/MWCNT composite, 
a‑1 schematic diagram 
of bioengineering design 
composite and a‑2 response 
to the tensile stress b Shear 
thinning behavior of Ni/
MWCNT composite. c 
Thixotropic behavior of Ni/
MWCNT composite



1547Cellulose (2023) 30:1543–1552 

1 3
Vol.: (0123456789)

phenomena imply that MWCNTs play an important 
role in reinforcing the inner strength of the composite 
structure owing to their high aspect ratio and electro-
static attraction to Ni (Kamkar et al. 2020).

To achieve a higher pattern quality in the roll 
stamping process, a high contact pressure at the nip 
is required because composite transfer from the stamp 
to the substrate occurs at the nip. However, Halo 
effect was observed around printed regions when the 
nip pressure was adjusted. To investigate this phe-
nomenon, we analyzed the effect of the nip pressure 
using COMSOL Multiphysics software (version 6.0). 
In the analysis, the cylinder was subjected to a point 
load; therefore, the contact pressure distribution and 
the length of contact between the roll and the sub-
strate based on the applied pressure were considered, 
as shown in Fig. 3a, which shows the deformed shape 
and von Mises stress distribution obtained using the 

penalty contact method for the increase in the nip 
pressure. As the nip pressure increased, increases 
in the contact stress, and contact length point were 
simultaneously increased. The results indicate that 
although a higher pressure can induce tighter con-
tact, excessive pressure causes uneven solution trans-
fer owing to the deformation of the flexible printing 
medium at a wider contact point. The details are pro-
vided in the supporting materials (S2). After adjust-
ing the pressure, strain sensors with various line 
widths (200, 300, and 500 µm) at a fixed line length 
of 12 mm and lengths (27, 50, and 76 mm) at a fixed 
line width of 300 µm were fabricated. Digital images 
of roll stamped Ni/MWCNT electrodes with a line 
width of 500  µm on paper at a magnification of 5x 
are shown in Fig. 3b. The printed line with fine edges 
and dense structure demonstrated the high printabil-
ity of the composite, while considering the rough and 

Fig. 3  a Deformed shape 
and von Mises stress distri-
bution obtained using the 
penalty contact method for 
the case of applied higher 
nip pressures. b Digital 
images of sensors with roll 
stamped Ni/MWCNT elec-
trodes on paper substrate. c 
Static contact angle of DI 
water on the paper surface. 
d The XRD patterns of the 
synthesized Ni/MWCNT 
composite
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uneven fiber structure of the paper. Figure 3c shows 
the contact angle of 69.63° for deionized water on 
paper, measured using the pendant drop method, 
substantiating its hydrophilic surface characteristics, 
where the experiment was repeated more than three 
times and representative results are shown. In general, 
the hydrophilicity of paper leads to the diffusion of 
solvents and affects the resolution of printed electron-
ics (Tortorich et  al. 2018). Ni/MWCNT composites 
with high viscosity, however, can effectively reduce 
this effect on the print resolution. The XRD pat-
terns of the synthesized nanocomposite are shown in 
Fig. 3d, in which the experiment was repeated three 
times. Samples were analyzed in the form of powder 
in the reflection mode. The main characteristic peaks 
of Ni (indexed as 111,  200, and 220) and MWCNT 
(inset), even after drying, indicate that presence of Ni 
and MWCNT in the composite after drying.

Subsequently, the sensing properties of the printed 
sensors were investigated (Fig.  4). The electrical 
performance of the resistive-type sensor following 
Ohm’s law is critical to attain high sensitivity because 
the sensor consists of electrodes. A linear slope with a 
change in the morphology of the pattern indicated the 
uniform conductivity of the strain sensors, as shown 
in Fig. 4a and b, where the tests were repeated more 
than three times.

In addition, a sensor with a larger width and 
shorter length tended to exhibit a higher current, 
which is reasonable based on Ohm’s law. To inves-
tigate the sensitivity of the Ni/MWCNT composite 
printed on cellulose paper, the sensor was subjected 
to strain in the range of 0.25–0.53%, as shown in 
Fig. 4c. The experiment was repeated more than three 
times to confirm the effect. The sensor could detect 
a minimum strain change of 0.03% in the applied 
range. The calculated gauge factor (GF), defined as 

Fig. 4  Measured resistance 
plots of the roll stamped Ni/
MWCNT sensors with line 
patterns (inset) of various 
dimensions: a variation 
with the line width b vari-
ation with the line length. 
c Relative change in the 
resistance on application 
of strain with stepwise 
increase d Relative change 
in the resistance on continu-
ous progressive strain appli-
cation. FE-SEM images of 
Ni/MWCNT paper-based 
sensor: 20,000x (e) and 
60,000x (f)



1549Cellulose (2023) 30:1543–1552 

1 3
Vol.: (0123456789)

(ΔR/R0)/ε, where  R0 is the resistance of the compos-
ite sensor without strain, ΔR is the resistance change 
under strain, and ε denotes applied strain, was 13.9. 
This is six times higher than that of commercially 
available strain sensors, namely, con-copper (55% 
Cu, 45% Ni; GF: + 2.0), nickel–chromium (80% Ni, 
20% Cr; GF: + 2.0), or Constantan (45% Ni, 55% Cu; 
GF: + 2.0) -based foil-type resistance sensors (Bol-
ton 2021; Litao Liu et  al. 2009; Qi et  al. 2020a). In 
addition, the uniform linearity of the sensor was 85%, 
as shown in Fig. 4d, in which a representative value 
was obtained after more than three repetitions. The 
FE-SEM images in Fig. 4e and f show the skein-like 
morphology of the Ni-MWCNT composite, where Ni 
clusters serve as core conducting sites to form stable 
network structures with MWCNT. An average size of 

Ni cluster was ~ 3.5 ± 0.6  μm, which was confirmed 
from the measurement of multiple Ni cluster sizes in 
the SEM chamber.

Figure 5a shows the relative resistance changes of 
the Ni/MWCNT sensor at different strain rates under 
a strain of 0.53%, which exhibits a stable sensing 
response with a two-fold increase in the strain rate 
after more than three replicates of the experiment. 
Figure  5b shows the relative resistance changes of 
the sensor under strain-release cycle, demonstrating 
a high sensing recovery of 90.4%. Considering the 
cyclic stability test under multiple strain applications 
in one process, the high stability of the sensor was 
demonstrated by a linearity of 0.85 under continuous 
and diverse strains within 0.25–0.53% (Fig. 4c). The 
results were obtained from more than three replicate 

Fig. 5  a Relative resist-
ance changes of the Ni/
MWCNT sensor at different 
strain rates under a strain of 
0.53%. b Relative resistance 
changes of the sensor under 
step -release cycle. c High 
stability of the sensor under 
continuous multiple strain 
cycles. d Durability of the 
composite under 23,500 
cycles with low tensile 
deformation. Here, ∆R/
R0 is a function of multiple 
bending and releasing 
cycles with a strain 0.28% 
for Ni/MWCNT compos-
ite, where ∆R denotes the 
resistance differences under 
bending and release and R 
is the initial resistance in 
the relaxed state. Durabil-
ity of composites for 500 
cycles with low tensile 
deformation: e Ni/MWCNT 
composite and f Ni
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experiments. Furthermore, to investigate repeatability 
and durability under multiple strains, repeated stretch-
release cycles were applied to the sensors (Fig.  5c), 
in which uniform stability was observed. The results 
were obtained from more than three replicate experi-
ments. Figure  5d shows the change in resistance of 
the sensors, indicating a fully recoverable electrical 
resistance without hysteresis at a stretching of 0.28% 
for 23,500 cycles. The results were obtained from 
more than three replicate experiments. The sensing 
stability of the Ni/MWCNT paper-based sensor was 
compared with that of the pure nickel composite, as 
shown in Fig. 5e and f, where the tests were repeated 
more than three times and representative results are 
shown. The Ni/MWCNT sensor showed higher sensi-
tivity and better reversibility after 500 cycles than the 
pure Ni paper-based sensor. Table 1 shows a compari-
son of the durability of various reported paper-based 
sensors; the Ni/MWCNT paper-based sensor showed 
high bending durability.

Conclusions

A cellulose-paper-based strain sensor with Ni/
MWCNT composite was developed using a full-roll 
stamping process. The formation of stable Ni core-
enveloping structures in the MWCNT interlacing 
network ensured sufficient resistance to the applied 
strain, and the sensitivity was determined by vary-
ing the printed line morphology. The rheological 
properties of the Ni/MWCNT composite exhibited 
shear thinning and thixotropic behavior, which are 
suitable for roll stamping process that require high 
shear forces. The optimal pattern characteristics of 

the sensor, including the line width and line length, 
agreed with the simulated values, which allowed opti-
mization of the printing conditions of the roll stamp-
ing process. The paper-based Ni/MWCNT composite 
strain sensor exhibited a high GF of 13.9 with a high 
sensing recovery of 90.4%, which is superior to that 
of commercial sensors. In addition, the printed sen-
sor showed a fully recoverable electrical resistance 
without hysteresis at a stretching of 0.28% for 23,500 
cycles. Consequently, formulated Ni/MWCNT com-
posite has been proposed as a basic platform for pro-
ducing highly sensitive and stable strain sensors.
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