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Abstract
Conductive polymer composites (CPCs) of carbon nanotubes (CNTs) and
graphite nanosheets (GNPs) filled thermoplastic polyurethane (TPU) were 3D printed
into flexible piezoresistive sensors via fused filament fabrication. The sensor, with a
customized lever-cross structure, allows detection of stretching and out-of-plane
forces of different magnitudes and frequencies. The out-of-plane force direction is
obtained by combing the relative electrical resistance change in the cross-section of

the sensor with a force analysis. The 75-CNT/25-GNP sensor (CNTs-to-GNPs mass
ratio of 75%-to-25%) demonstrates excellent sensing performance at a total
nanoparticle loading of 3 wt%. The linearity of the 75-CNT/25-GNP sensor is 0.98,
while those of the 100-CNT and 50-CNT/50-GNP sensors are 0.93 and 0.86,
respectively. The gauge factor of the 75-CNT/25-GNP sensor is 52% higher than that
of the 100-CNT sensor and its sensing strain range is 79% above that of the
50-CNT/50-GNP sensor. Excellent sensing stability is demonstrated for the
75-CNT/25-GNP sensor after 1500 stretching (out-of-plane force) cycles. The
synergistic effect of CNTs and GNPs on sensing performance of piezoresistive
sensors is clearly shown in this study.

Keywords
Piezoresistive sensors; conductive polymer composites; 3D printing; out-of-plane
force sensors; synergistic effect.

1. Introduction
Flexible, piezoresistive force sensors[1][2] are finding increasing applications in
human motion testing[3][4][5], Human-Robot interaction[6], and health monitoring[7].
Conductive polymer composites (CPCs)[8], consisting of conductive nanofillers and a
flexible polymer matrix, have outstanding elasticity and conductivity over wide strain
ranges and are therefore a promising material choice for these flexible piezoresistive
sensors.

Compared with conventional metal-based sensors[9][10], CPCs-based flexible
sensors have the advantages of low cost and high flexibility[11], and their sensing
performance can be adjusted by controlling the conductive network morphology,
which is also not available in conventional sensors. The conductive network is usually
made using carbon based nanofillers, which have a low electrical percolation
threshold due to their large aspect ratios. Problems with aggregation of such
nanofillers can however arise via Van der Waals forces,

[12]

thus reducing the

efficiency of the conductive pathways. Many researchers have therefore explored
various ways to prevent this. For instance, Deng[13] et al. selectively dispersed CNTs
in poly(styrene-butadiene-styrene) block polymer (SBS) and TPU to form the double
percolation structure, noticeably enhancing sensing performance of the related device.
Chen[14] et al. performed non-covalent modification of 1-pyrenecarboxylic acid (PCA)
to increase the interface bonding force between CNTs and TPU, thereby achieving
better dispersion of CNTs in a TPU matrix. Constructing a multiple structure has also
become a common strategy to improve sensing performance for CPCs-based sensors.
Wang[15] et al. improved the electrical conductivity and sensing performance of
CNT/PDMS composite by constructing self-segregated structures. Cai[16] et al.
fabricated the multifunctional elastomer foam with highly piezoresistive sensitivity
and excellent EMI shielding property by directly introducing thermo-expandable
microspheres (EM) into PDMS/CNT composite. Cai[17] et al. also constructed
modulus

mismatching

domains

poly(ethylene-co-1-octene)/multi-walled

to

improve
carbon

piezoresistive
nanotubes

sensitivity

(POE/MWCNTs)

composite by adding the glass micro-beads (μ-GB). Chen[18] et al. improved electrical
conductivity and piezoresistive sensitivity of CNT/PDMS composite by volume
exclusion effect provided by silicon dioxide micro-particles (μ-SiO2).
In recent years, various types of CPCs-based flexible sensors and their sensing
performance[19][20][21] have been reported. Most of these sensors are intended for
detecting stretching or compressing forces, whereas the sensors for out-of-plane force
detection[22] are rarely mentioned. Among a few studies on the topic under
consideration, one can mention the attempts made by Mu[23] et al. who fabricated a
normal-tangential force sensor for electronic skin application. However, producing an
electronic-skin sensors with a customized structure is a challenge owing to stringent
requirements for the flexible piezoresistive sensors[24][25]. First of all, the sensor
should be customizable to suit multifarious applications. Second, excellent sensing
performance such as high sensitivity and a wide sensing range are required. Third, the
manufacturing of sensors should be convenient and inexpensive to fulfill the
requirements of large-scale industrial production. In this respect, an additive
manufacturing method, 3D printing[26] has become a convenient technique for the
production of customizable product structures without the need for post-processing
and meets the requirements for preparing CPCs-based flexible sensors. 3D printing is
divided into fused filament fabrication[27] (FFF, which is also commercially called as
fused

deposition

modeling/FDM),

selective

laser

sintering[28]

(SLS),

stereolithography[29] (SLA), and direct ink printing[30] (DIW). Among these, FFF
printing has the advantages of low cost and high efficiency, and the extruded

filaments are suitable for long-term storage and printing anytime.
In this work, FFF 3D printing technology is selected to process CNT/GNP/TPU
CPCs into a flexible piezoresistive sensor with customized lever-cross structure (Fig.
1) for detecting stretching and out-of-plane forces. A force analysis of the lever-cross
structure has been performed, and the synergistic effect between CNTs and GNPs on
the sensing performance and piezoresistivity of the sensor is elucidated. This work
provides valuable information for the design and fabrication of multifunctional
piezoresistive sensors, and the presented sensor shows a prospective application
potential in human motion monitoring, Human-Robot interaction and electronic skin
application etc.

2. Experimental
2.1 Materials
The TPU used in this study was provided by Bayer Co. Ltd. (Bayer 2195). The
CNTs (NC7000) and GNPs were purchased from Nanocyl SA (Belgium) and Deyang
Carbonene Co., Ltd, respectively. The CNTs were 1.5 µm in length and 9 nm in
diameter. The GNP has in average 5 to 6 layers with the mean thickness less than 3
nm and a lamellar size of about 5-10 µm. The DMF solvent was produced by
Chengdu Kelong Co., Ltd.
2.2 Preparation of composites
The CPCs were prepared by the solution method. For this, carbon-based fillers

were dispersed in a N,N-Dimethylformamide (DMF) solution in an ultrasonic bath for
2 h. The CPC’s nanofiller mass ratio in this work was 3 wt%. Subsequently, the TPU
particles were added to the carbon-based filler dispersion, heated to 80 ℃ and stirred
at the speed of 400 rpm for 2 h. After the TPU particles were completely dissolved,
the suspension was poured into a 20 cm × 20 cm glass container and dried at 80 ℃for
24 h to remove the solvent. The CPC composites are denoted as a-CNT/b-GNP, where
a and b are the percentage of CNTs and GNPs in the composite.
2.3 3D printing of sensors
The dried composites were cut into small sheets and then extruded with a
Wellzoom desktop filament extruder into 1.75 mm diameter filaments. The sensor was
then printed using a FFF 3D printer (Shenzhen Yeety Technology Co., Ltd) at 200 ℃.
The structure of the sensor is shown in Fig. 1a and the printing parameters are listed
in Table 1. The four ends of the cross structure and the middle cylinder of the printed
sensor were first connected with wires using conductive silver paste, and the
conductive silver paste was cured for 2 hours at 60 ℃. The ends of the sensor
cross-structure were subsequently fixed onto the TPU base plate using a strong
adhesive. Here, the TPU substrate was also fabricated using the 3D printer. Finally, a
rigid PLA rod was placed in the middle cylinder of the sensor, and both were then
inserted into the TPU bottom plate to constitute the lever-cross structure. The
dimensions of the printed sensor are shown in Fig. 1b. Fig. 1c displays the ability of
the flexible printed sensor to detect the strength and directions of the out-of-plane

force. It is noted that printing such a sensor takes only 2 minutes.
Table 1 Printing parameters
Parameter

Value

Printing temperature (℃)

215

Wall thickness (mm)

0.4

Layer thickness (mm)

0.2

Printing speed (mm/s)

15

Packing density (%)

100

Nozzle diameter

0.4

Hotbed temperature (℃)

40

Filament diameter (mm)

1.75

Figure 1 (a) The assembly schemes and (b) dimensions of the force sensor. (c) The
characteristics of the printed sensor.
2.4 Characterization
The composite section morphology and the nanofiller dispersion in the matrix
were investigated using a FEI Quanta 650 FEG field-emission scanning electron
microscope (FE-SEM) at an acceleration voltage of 30 kV. The sensor samples were
fractured in liquid nitrogen before the FE-SEM analysis. The degree of crystallization
of the composites was studied via X-ray diffraction (XRD) on a DX-2700
diffractometer. The mechanical and sensing performance of the strain sensors was
performed using a MTS CMT4104 universal tester. During mechanical testing,
specimens were subjected to stretching at a speed of 5 mm/min. A Tektronix

PWS4323 digital source meter at 3 V and a Keithley 6485 picoamp-meter were
employed as the power source and electrical signal receiver during the sensing testing
of the sensor.

3. Results and discussion
3.1 Morphology and dispersion
Figs. 2a-2i display the FE-SEM images revealing the morphology of the
100-CNT, 75-CNT/25-GNP and 50-CNT/50-GNP sensor sections at different
magnifications. It can be observed in Figs. 2a, 2d, and 2g, that the addition of GNP
leads to significant differences in the cross-sectional morphology of the composites.
Compared with the smooth and flat cross-section of the 100-CNT sample, the
cross-sections of the 75-CNT/25-GNP and 50-CNT/50-GNP specimens are rougher
with increasing GNPs content. This may be the reason that, at low temperatures, the
CNT/GNP/TPU composites were more likely to fracture.
Figs. 2b, 2e, and 2h and Figs. 2c, 2f, and 2i display the distributions of the
conductive fillers in 100-CNT,75-CNT/25-GNP and 50-CNT/50-GNP sensor samples,
respectively. The CNTs fillers in 100-CNT specimen were entangled with each other
to form relatively large and dense agglomerates (see Figs. 2b and 2c). Moreover, some
TPU-pure regions with less conductive fillers arose between the larger, irregularly
shaped CNTs agglomerations, which hindered electron transport. However, the
agglomerations in 75-CNT/25-GNP sensor were smaller and more numerous than in

100-CNT sensor (Fig. 2e). This is due to the isolation of two-dimensional GNP
separating CNTs agglomerations and some CNT-GNP links formed in the conductive
network. Besides, the conductive network composed of small and looser CNT
agglomerations in the 75-CNT/25-GNP sample is found to have a more uniform and
completed structure. The greater dispersity of the 75-CNT/25-GNP conductive
network seems to be due to a synergistic effect between the CNTs and GNP.
According to Figs. 2h and 2i, sections in 50-CNT/50-GNP sample contained sparse
and thin CNT agglomerations. The weaker conductive network was likely owing to
the lower CNT content and stronger isolation of the two-dimensional GNP structure.
After ultrasonic treatment the suspensions were left to settle for 11 days as shown
in Fig. 2j. The fillers in 100-CNT/DMF suspension were deposited at the bottom of
the bottle after 11 days of storage, while the 75-CNT/25-GNP/DMF and
50-CNT/50-GNP/DMF suspensions remained turbid. This could be caused by steric
hindrance between the CNTs and GNPs.
Fig. 2k displays the XRD patterns of the neat TPU as well as the 100-CNT,
75-CNT/25-GNP, and 50-CNT/50-GNP composites. The peak at 20.7°in the XRD
profile of the neat TPU is attributed to the orderly short-range molecular chains in the
amorphous TPU matrix. The degree of crystallinity (𝑋𝑋𝑐𝑐 ) of the 100-CNT,

75-CNT/25-GNP, and 50-CNT/50-GNP samples was found to be 6.37%, 7.89%, and

5.94%, respectively, being lower than that of the neat TPU (𝑋𝑋𝑐𝑐 =9.23%). This means
that the addition of nanofillers inhibits the migration of chain segments during the

crystallization process of TPU. The highest degree of crystallinity for the

75-CNT/25-GNP composite could be due to the excellent filler dispersion.

Figure 2 Surface and nanofillers dispersion in (a-c) 100-CNT, (d-f) 75-CNT/25-GNP,
and (g-i) 50-CNT/50-GNP sensors. (j) Sedimentation process of 100-CNT,
75-CNT/25-GNP, and 50-CNT/50-GNP nanofillers in DMF solution. (k) X-ray
diffraction results of neat TPU in comparison with 100-CNT, 75-CNT/25-GNP, and
50-CNT/50-GNP composites.

3.2 Theoretical analysis
To establish the relationship between the out-of-plane force direction and the
strain in the cross-section of the sensor while detecting the out-of-plane forces, the
relation between stretching and out-of-plane forces was investigated and the results
are given in Fig. 3. Fig. 3a shows the out-of-plane force deflecting the stiff rod to one
of the four cross directions (assuming that MB is the force direction), where the angle
of the rod is shown as 𝜃𝜃1 > 0°, 𝛽𝛽1 = 0°, where 𝜃𝜃1 and 𝛽𝛽1 are the angles between the
rod and z axis and between the 𝑥𝑥𝑥𝑥𝑥𝑥 plane and 𝑥𝑥 axis, respectively. Fig. 3b depicts

the stress distribution of the sensor, determined by finite element analysis. As seen in
the figure, the stress is mainly concentrated in the MA region opposite to the rod
deflection. This indicates that the conductive network from the MA region would
undergo stretching-induced failure. The force sensor can be divided into four
equivalent resistances to analyze the relative resistance change of each part of the
sensor, and referred to as RA, RB, RC, and RD, as shown by a circuit diagram in Fig. 3c.
Among these, only 𝑅𝑅𝐴𝐴 increases a lot while those associated with the rod deflection
cross-sections, namely, 𝑅𝑅𝐵𝐵 , 𝑅𝑅𝐶𝐶 and 𝑅𝑅𝐷𝐷 , are basically unchanged.

Figs. 3d-3f displays the force analysis results for a sensor with the deflection

angle 𝜃𝜃1 to 𝑧𝑧 axis in the 𝑥𝑥𝑥𝑥𝑥𝑥 plane. Since the lever structure consists of a printed
sensor and a stiff rod, the force balance of the whole sensor can be described by the

following equation:

(1)

𝐹𝐹𝑜𝑜 ∙ 𝐿𝐿𝑂𝑂𝑂𝑂 = 𝐹𝐹𝑠𝑠 ∙ 𝐿𝐿𝑂𝑂𝑀𝑀

where 𝐹𝐹𝑜𝑜 is the out-of-plane force, and 𝐹𝐹𝑠𝑠 is the stretching force in the MA region.
𝐿𝐿𝑂𝑂𝑂𝑂 and 𝐿𝐿𝑂𝑂𝑂𝑂 are the lengths of 𝑂𝑂𝑂𝑂 and O𝑀𝑀, respectively. Therefore, 𝐹𝐹𝑜𝑜 can be

expressed as

𝐹𝐹𝑜𝑜 = 𝐹𝐹𝑠𝑠 ∙

𝐿𝐿𝑂𝑂𝑂𝑂

(2)

𝐿𝐿𝑂𝑂𝑂𝑂

Fig. 3d shows the force analysis results for the sensor at the beginning of deflection.
According to Hooke's law [31], 𝐹𝐹𝑠𝑠 is a function of strain ∆𝑥𝑥:
𝐹𝐹𝑠𝑠 = 𝑘𝑘 ∙ ∆𝑥𝑥

(3)

𝐿𝐿𝑂𝑂𝑂𝑂 = 55𝑚𝑚𝑚𝑚

(4)

where 𝑘𝑘 is the elastic coefficient. The lengths of 𝑂𝑂𝑂𝑂 and O𝑀𝑀 are respectively

(5)

𝐿𝐿𝑂𝑂𝑀𝑀 = 5𝑚𝑚𝑚𝑚

After substituting Eqs. (3), (4), and (5) in Eq. (2), one obtains:
𝐹𝐹𝑜𝑜 = 𝑘𝑘 ∙ ∆𝑥𝑥 ∙

𝐿𝐿𝑂𝑂𝑀𝑀
𝐿𝐿𝑂𝑂𝑂𝑂

=

𝑘𝑘∙∆𝑥𝑥
11

(6)

Therefore, the strength of the out-of-plane force 𝐹𝐹𝑜𝑜 is reflected by the strain ∆𝑥𝑥

from the MA region.

Fig. 3e depicts the force analysis results for the rod deflected by the angle 𝜃𝜃1 . The

force balance during this process can be described as:
𝐹𝐹′𝑜𝑜 ∙ 𝐿𝐿𝑂𝑂𝑂𝑂′ = 𝐹𝐹′𝑠𝑠 ∙ 𝐿𝐿𝑂𝑂𝑂𝑂′

(7)

where 𝐹𝐹′𝑜𝑜 and 𝐹𝐹′𝑠𝑠 are the out-of-plane force and stretching force, respectively. The

out-of-plane force 𝐹𝐹′𝑜𝑜 can also be defined as
𝐹𝐹′𝑜𝑜 = 𝐹𝐹′𝑠𝑠 ∙

𝐿𝐿𝑂𝑂𝑂𝑂′

(8)

𝐿𝐿𝑂𝑂𝑂𝑂′

For the triangle 𝑂𝑂𝑂𝑂𝑂𝑂′, both 𝐿𝐿𝑀𝑀𝑀𝑀′ and 𝐿𝐿𝐻𝐻𝐻𝐻′ are perpendicular to 𝐿𝐿𝑂𝑂𝑂𝑂′ , so that 𝐿𝐿𝑀𝑀𝑀𝑀′
is parallel to 𝐿𝐿𝐻𝐻𝐻𝐻′ :

(9)

𝐿𝐿𝑀𝑀𝑀𝑀′ ⊥ 𝐿𝐿𝑂𝑂𝑂𝑂′

(10)

𝐿𝐿𝐻𝐻𝐻𝐻′ ⊥ 𝐿𝐿𝑂𝑂𝑂𝑂′

(11)

𝐿𝐿𝑀𝑀𝑀𝑀′ ∥ 𝐿𝐿𝐻𝐻𝐻𝐻′

Therefore, the triangle 𝑂𝑂𝑂𝑂𝑂𝑂′ is similar to the triangle 𝑂𝑂𝑂𝑂𝑂𝑂′. 𝐿𝐿𝑂𝑂𝑂𝑂′ and 𝐿𝐿𝑂𝑂𝑂𝑂′ can
be rewritten through 𝐿𝐿𝑂𝑂𝑂𝑂 and 𝐿𝐿𝑂𝑂𝑂𝑂 as follows:

𝐿𝐿𝑂𝑂𝑂𝑂′ = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝐿𝐿𝑂𝑂𝑂𝑂 = 55𝑚𝑚 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐿𝐿𝑂𝑂𝑂𝑂′ = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝐿𝐿𝑂𝑂𝑂𝑂 = 5𝑚𝑚 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(12)
(13)

According to Eqs. (8) (12), and (13) and Hooke's law re-defined as
(14)

𝐹𝐹′𝑠𝑠 = 𝑘𝑘 ∙ ∆𝑥𝑥,

the out-of-plane force 𝐹𝐹′𝑜𝑜 with a deflection angle 𝜃𝜃1 is determined as
𝐹𝐹′𝑜𝑜 = 𝑘𝑘 ∙ ∆𝑥𝑥 ∙

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠∙𝐿𝐿𝑂𝑂𝑂𝑂
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠∙𝐿𝐿𝑂𝑂𝑂𝑂

=

𝑘𝑘∙∆𝑥𝑥
11

(15)

This means that 𝐹𝐹′𝑜𝑜 could also be the function of strain ∆𝑥𝑥.

The changed relative resistances between the four cross-regions would reflect the

out-of-plane force direction. The force analysis of the rod with angles 𝜃𝜃1 > 0°, 𝛽𝛽1 =

30° is illustrated in Fig. 3g. The finite element analysis results can be found in Fig. 3h.

Indeed, the stress was mainly concentrated in the MA and MC regions, being even
more so in the MA region. For a circuit model (Fig. 3i), the out-of-plane force
direction could be reflected by the difference between 𝛥𝛥𝑅𝑅𝐴𝐴 and 𝛥𝛥𝛥𝛥𝑐𝑐 .

Similarly to that, the rod deflected to one of the cross regions (𝜃𝜃1 > 0°, 𝛽𝛽1 = 0°),

Fig 3. j-l show the force analysis results during the deflection process (𝜃𝜃1 > 0°, 𝛽𝛽1 =
30°). In this respect, 𝐹𝐹′𝑜𝑜 can be expressed through 𝐹𝐹′𝑠𝑠 as follows:
𝐹𝐹′𝑜𝑜 = 𝐹𝐹′𝑠𝑠 ∙

𝐿𝐿𝑂𝑂𝑂𝑂′
𝐿𝐿𝑂𝑂𝑂𝑂′

According to Hooke's law, 𝐹𝐹′𝑠𝑠 is defined as:
𝐹𝐹′𝑠𝑠 = 𝑘𝑘 ∙ ∆𝑥𝑥

(16)

(17)

The stretching force 𝐹𝐹 ′ 𝑀𝑀𝑀𝑀 in the MC region and 𝐹𝐹 ′ 𝑀𝑀𝐴𝐴 in the MA region are the
functions of strain:

𝐹𝐹 ′ 𝑀𝑀𝑀𝑀 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝐹𝐹 ′ 𝑠𝑠 = 𝑘𝑘 ∙ ∆𝑥𝑥𝑀𝑀𝑀𝑀

𝐹𝐹 ′ 𝑀𝑀𝐴𝐴 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝐹𝐹 ′ 𝑠𝑠 = 𝑘𝑘 ∙ ∆𝑥𝑥𝑀𝑀𝑀𝑀

(18)
(19)

Therefore, the angle 𝛽𝛽 can be defined by strain in the MC and MA directions:
𝛽𝛽 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐹𝐹 ′ 𝑀𝑀𝑀𝑀

𝐹𝐹 ′ 𝑀𝑀𝑀𝑀

= 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

∆𝑥𝑥𝑀𝑀𝑀𝑀

∆𝑥𝑥𝑀𝑀𝑀𝑀

(20)

In summary, both the value and direction of the out-of-plane force depend on the
strain ∆𝑥𝑥 in the MA, MB, MC, and MD directions of the cross structure, and ∆𝑥𝑥
can be expressed through ∆𝐼𝐼.

Figure 3 (a) Deflection angle; (b) finite element analysis; (c) circuit diagram and (d-f)
force analysis of the sensor deflected by angle 𝜃𝜃1 with respect to the 𝑧𝑧 axis in the
𝑥𝑥𝑥𝑥𝑥𝑥 plane; (g) deflection angle; (h) finite element analysis; (i) circuit diagram, and

(j-l) force analysis of the sensor deflected by the angle 𝜃𝜃2 with respect to 𝑧𝑧 axis and
by the angle 𝛽𝛽2 with respect to the 𝑥𝑥𝑥𝑥𝑥𝑥 plane, respectively.

3.3 Effect of nanofillers on tensile strength and sensing sensitivity
The printed sensor with a CNT/GNP/TPU composite structure exhibited
excellent mechanical performance with the ability to withstand up to 500 g of loading
(Fig. 4a). To demonstrate this, the composite was printed into a standard shape for
testing and stretched on the universal testing machine. Fig. 4a shows the stress-strain
diagram of the printed samples under stretching. The breaking elongation of 100-CNT,
75-CNT/25-GNP, and 50-CNT/50-GNP specimens was found to reach 256%, 217%,
and 181%, respectively. Thus, the addition of GNPs reduced the breaking elongation
of the composites, increasing the likelihood of the samples breaking at the sites with
two-dimensional GNPs. The elastic moduli of the 100-CNT, 75-CNT/25-GNP, and
50-CNT/50-GNP samples, while stretched, were 4.3, 6.4, and 5.9 MPa, respectively.
The higher elastic moduli of 75-CNT/25-GNP and 50-CNT/50-GNP composites may
be attributed to the improved dispersion with the addition of GNPs.
Fig. 4b reveals the increase in relative resistance of printed sensors upon
stretching. This may be interpreted in terms of the tunneling effect[32], according to
which the distance between the nanofillers exceeded the tunneling distance, allowing
electron hopping and thereby resulting in the increasing resistance. Moreover,
according to conductive pathways theory[33], the conductive pathways would fail with

the TPU matrix stretching, making the resistance increase. Furthermore, the linearity
of the 75-CNT/25-GNP sensor reached a value of 0.98, while those of 100-CNT and
50-CNT/50-GNP sensors were found to be 0.93 and 0.86, respectively. This means
that the excellent linearity of the 75-CNT/25-GNP sensor is more beneficial for
applications. The sensitivity of the sensors is described using the Gauge factor (GF)
defined as 𝐹𝐹 =

∆𝑅𝑅/𝑅𝑅0
ɛ

, where ∆𝑅𝑅 and 𝑅𝑅0 are the changed and initial resistances

and ɛ is the stretching strain. The 𝐺𝐺𝐺𝐺 factor of the 100-CNT sensor was 92,
whereas those of the 75-CNT/25-GNP and 50-CNT/50-GNP sensors were as high as

140 and 237.5, respectively. In this respect, the sensitivity of the 75-CNT/25-GNP and
50-CNT/50-GNP sensors has been significantly improved due to the GNPs addition.
The changes in the conductive networks during stretching are illustrated by the
schematic in Fig. 4c. For the 100-CNT sensor, CNTs dispersed in the TPU matrix
would aggregate easily due to their 1D structure and high surface energy. Therefore,
the relatively small amount of 100-CNT conductive pathways would be destroyed,
resulting in a lower relative resistance change. However, there would be more
demolished positions in the 75-CNT/25-GNP conductive network with CNT-GNP
links resulting in a higher relative resistance change. Compared with the pure
entanglement conductive network produced by the CNTs, the smaller aggregations in
the multidimensional conductive fillers would cause greater conductive network
deformation during stretching (see Fig. 4c). Because of the higher GNP ratio in the
conductive network, the 50-CNT/50-GNP printed sensor exhibited

better sensitivity

within a strain range from 0 to 42%. It should be noted that the resistance hardly

changed with stretching, whereas the sensing range was extended. This slow tendency
of relative resistance change in the high strain range could be caused by the fact that
the distance between the conductive fillers aggregations was too large and the
conductive pathways completely failed. The sensing ranges of the 100-CNT,
75-CNT/25-GNP, and 50-CNT/50-GNP samples were 98%, 75%, and 42%,
respectively. Therefore, the resistance change with the addition of GNPs becomes
gentler at lower strains. This is because the conductive network with CNT-GNP links
is more prone to failure under strain.

Figure

4

(a)

Breaking

elongation

of

100-CNT,

75-CNT/25-GNP,

and

50-CNT/50-GNP samples. (b) Relative resistance of sensors during stretching. (c)
Schematic of stretched conductive networks (the red lines represent conductive

paths).
Even though the addition of GNPs enhanced the sensitivity (𝐺𝐺𝐺𝐺 factor) of the
sensors to a large extent, their sensing range limit was somewhat weakened. As for the
100-CNT sensor, the limit sensing range reached 98%, but the 𝐺𝐺𝐺𝐺 factor was only 92.
According to Fig. 4b, the excellent 𝐺𝐺𝐺𝐺 value of the 75-CNT/25-GNP sensor is 237.5,
but the limit sensing range is only 42%. Hence, compared with the 100-CNT and

50-CNT/50-GNP sensors, the 75-CNT/25-GNP sensor exhibited a balanced behavior
with a 𝐺𝐺𝐹𝐹 factor of 140 and a limit sensing range of 75% (Fig. 5). For this reason,
the 75-CNT/25-GNP sensor was chosen to complete the sensing performance testing.

Figure 5 Sensitivity and sensing ranges of 100-CNT, 75-CNT/25-GNP, and
50-CNT/50-GNP sensors.
3.4 Force sensing performance of sensor during stretching
The force sensing performance of the printed sensor under stretching was
assessed as follows. The cross-structure of the sensor was connected with silver wires
(Fig. 6a) and clamped onto the universal testing machine (Fig. 6b). Finite element

analysis was afterwards performed on the sensor, revealing that stress was mainly
concentrated in the cross-section along the stretching direction (Fig. 6c). Since the
stretching under lower loading would cause a weaker strain in the composite, the
failure of the conductive pathways was insignificant. Conversely, greter stretching
would lead to more serious damage of the conductive network of the sensor.
According to Fig. 6d, all the printed sensors fabricated in this work could
successfully detect different stretching signals. As for the 100-CNT printed sensor,
stretching at 0.8, 1.3, and 2 N induced strains of 5%, 10%, and 30%, respectively.
Accordingly, the resistance change rates were 14%, 20%, and 33%, respectively.
Similarly for the 100-CNT printed sensor, various loadings resulted in 5%, 10%, and
30% strain for the 75-CNT/25-GNP and 50-CNT/50-GNP printed sensors,
respectively.
The printed sensors exhibited great sensing performance with respect to various
frequencies (Fig. 6e). This was demonstrated by exposing the 100-CNT,
75-CNT/25-GNP, and 50-CNT/50-GNP sensors to a strain rate of 5% at frequencies
of 0.2, 0.1, and 0.05 Hz, respectively. The changes in the relative resistance, detected
at the corresponding frequencies, were consistent with each other.
Sensing stability is one of the crucial properties of the sensor. Here the 100-CNT,
75-CNT/25-GNP and 50-CNT/50-GNP sensors were subjected to a 5% strain rate and
1500 cycles. According to Fig. 6f, all of the printed sensors revealed great sensing
stability during the 1500 cycles. It is noteworthy that the relative resistance change of

the 100-CNT and 50-CNT/50-GNP printed sensors have shown an overall upward
trend. This could be due to the conductive fillers undergo reconstruction in the TPU
matrix during cycling. As result, the relative resistance change of the
75-CNT/25-GNP printed sensor appears to be more stable compared with the
100-CNT and 50-CNT/50-GNP printed sensors.

Figure 6 (a) The printed sensor with electrodes. (b) Deformation and (c) finite
element analysis of the sensor during stretching. The relative change in sensor
resistance with different (d) strains and (e) frequencies. (f) Stability of 100-CNT,
75-CNT/25-GNP, and 50-CNT/50-GNP sensors, respectively, during 1500 times of
cycling at 5% tensile strain and the frequency of 0.1 Hz.

3.5 Out-of-plane force sensing performance of the sensors
The ends of the printed sensor, referred to as A, B, C, D and M, were connected
with wires to explore the out-of-plane force sensing performance. The cross-lever
structure can convert the out-of-plane force into the strain on the four cross-regions
(MA, MB, MC, and MD, respectively), as stated in the previous theoretical analysis in
section 3.2. Because of the different strains at the four cross-regions, induced by the
stiff rod deflection, various changes in relative resistance were observed in each
cross-region under the out-of-plane force. For example, the resistance of the opposite
MA region increased to 63% while the rod was deflected to the MB direction under
the out-of-plane force of up to 3 N (Fig. 7a). Compared with the MA region, the
relative resistances of the MB, MC, and MD regions remained weakly changed at the
same out-of-plane force. Therefore, the out-of-plane force direction of the rod could
be easily distinguished by comparing the resistance changes in the above four regions.
Fig. 7b shows the relative resistance changes at the deflection angle of 30° with

respect to the 𝑥𝑥𝑥𝑥𝑥𝑥 plane. In particular, the changes in relative resistance in the MA
and MB regions were 54% and 39%, respectively, meaning that the relative resistance

change of the MA region was about 38% higher than that in the MB region. This was
due to the unbalanced component forces between both regions, as seen in Fig. 3i.
Therefore, the relative resistance changes in the four cross-regions were consistent
with the results of the finite element analysis (Figs. 3b and 3h). Then, the out-of-plane
force direction could be determined based on the stretching sensing analysis data. In
particular, in the MA direction, the out-of-plane force with different frequencies and

strengths produced detectable electrical signals. The out-of-plane forces with
frequencies of 0.2, 0.1, and 0.05 Hz were applied to the sensor, and all of the relative
resistance changes remained consistent at 12% (Fig. 7c). As seen from Fig. 7d, the
relative resistance changes attained the values of 14%, 21%, and 49%, while the
out-of-plane force of 1, 2, and 3 N was applied to the sensors. Fig. 7e shows the
relative resistance change in the MA region under the out-of-plane force of 3N at a
frequency of 0.1 Hz along the MB direction. The output electrical signals were
consistent in the 100th and 800th cycles, indicating excellent out-of-plane force
stability of the sensors. The out-of-plane force sensor designed in this study has the
ability to translate an out-of-plane force with different frequencies and strengths into a
corresponding resistance change, and the force direction can be easily determined
from the discrepancies between the resistance changes in four cross-regions.

Figure 6 Relative resistance changes in MA, MB, MC, and MD regions during sensor
deflection at (a) angle 𝜃𝜃1 to 𝑧𝑧-axis in the 𝑥𝑥𝑥𝑥𝑥𝑥 plane and (b) angle 𝜃𝜃2 to 𝑧𝑧-axis

and 30° to the 𝑥𝑥𝑥𝑥𝑥𝑥 plane, respectively. Relative resistance changes in sensor
resistance with different (c) frequencies and (d) out-of-plane forces. (e) Stability of
the sensor cycled for 1500 times under the out-of-plane force of 3 N and a 0.1 Hz
frequency along the MB direction.

4. Conclusions
In summary, conductive polymer composites (CPCs) were printed into
lightweight flexible piezoresistive sensors (less than 0.2 g) via FFF 3D printing
(printing each sensor took only 2 min). Theoretical analysis data and experimental
results showed that the sensor with a customized cross-lever structure could detect
stretching and out-of-plane forces. The synergistic effect of the appropriate
CNTs-to-GNPs mass ratio was shown to improve the sensing performance of the
sensor. In particular, the 75-CNT/25-GNP sensor with a CNTs-to-GNPs mass ratio of
75%-to-25% exhibited the best compressive sensing performance. The linearity of the
75-CNT/25-GNP sensor reached 0.98, (against a value of 0.93 for the 100-CNT
sensor and 0.86 for the 50-CNT/50-GNP sensor, respectively). Moreover, compared
with a 100-CNT sensor, the gauge factor (𝐺𝐺𝐺𝐺=140) of the 75-CNT/25-GNP sensor
increased by 52%. The sensing strain range of the 75-CNT/25-GNP sensor was 75%,
being 79% larger than that of the 50-CNT/50-GNP sensor. Finally, the
75-CNT/25-GNP sensor also demonstrated great sensing stability during 1500 cycles
of stretching or out-of-plane force cycles. A customized sensor with outstanding
sensing performance for stretching and out-of-plane forces detection was therefore
successfully fabricated.
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