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A B S T R A C T   

Herein, we report the mechanical and piezoresistive sensing performance of 3D printed auxetic nanocomposite 
structures composed of a high-density polyethylene (HDPE) matrix and multi-walled carbon nanotubes 
(MWCNTs). The multifunctional performance of MWCNT/HDPE auxetic structures were measured under tensile 
loading. The results indicate that by varying the MWCNT content, as well as the relative density and cell topology 
(S-shaped, Chiral and Re-entrant) of the structure, we can achieve a tunable piezoresistive response. The results 
indicate that the S-shaped cellular structure possesses superior mechanical and piezoresistive characteristics, 
reporting a gauge factor of 7.6 at 4 wt % MWCNT loading, which is ~300% higher than those measured for the 
Re-entrant and Chiral structures. We also present an empirical scaling equation that relates the structure’s 
sensitivity factor to its relative density. The findings of this study provide useful guidelines for the design and 
fabrication of self-sensing smart materials and structures with tunable sensitivity.   

1. Introduction 

Soft and flexible piezoresistive strain sensors have recently attracted 
considerable research interest due to their ability to convert mechanical 
stimuli to readable electric signals in applications such as soft robotics, 
healthcare monitoring and wearable devices [1–3]. Recently, many 
electrically-conductive polymer nanocomposites have been explored for 
high-performance flexible piezoresistive sensors owing to their low cost, 
good flexibility and excellent mechanical properties [4]. Among various 
conductive nanofillers, carbon nanotubes (CNTs) possess excellent 
electrical, thermal and mechanical properties [5,6], which can be 
exploited to enhance the mechanical, thermal and electrical properties 
of polymers. Apart from strain sensing, electrically-conductive polymer 
nanocomposites have also been used in other applications, including 
damage sensing, interference shielding [7,8] and flexible electronics 
[9]. 

One of the most critical design parameters for the piezoresistive 
sensors is the material’s sensitivity to strain, a property referred to in the 
literature as the gauge factor (GF). In nanocomposites, the GF is 
controlled by morphological changes in the conductive network with 
applied mechanical strain where, for example, increased degree of 
nanofiller separation is associated with reduced electronic conductivity 

[10]. Piezoresistivity in CNT-based nanocomposites has been attributed 
to two key mechanisms: (i) the change in the contact resistance of the 
percolating network induced by the loss of contact between CNTs [11, 
12], and (ii) changes in the tunnelling resistance which occurs due to 
distance changes between adjacent CNTs [12–14]. The contact resis-
tance between CNTs, is attributed to the contacting interfaces, as 
opposed to the intrinsic resistance, or tunneling resistance. While these 
mechanisms are well understood, it still remains a challenge to achieve 
high sensitivity factors over a wide range of strains [15]. Recent ap-
proaches to improve sensing performance include the incorporation of 
thermo-expandable microspheres into polymer/CNT composites [16], 
alignment of nickel particles in rubber/CNT composites [17] and 
incorporation of silicon dioxide micro-particles [18]. Typically, under 
applied tensile strain, the conductive nanofillers tend to separate in the 
direction of applied strain, while the lateral contraction (due to the 
Poisson’s effect) brings the nanofillers closer together, giving rise to two 
competing effects influencing the piezoresistive sensitivity of the 
nanocomposite. To further enhance the sensitivity of stretchable strain 
sensors, recent works have investigated the performance of auxetic 
structures for strain sensing applications [19–22]. 

Auxetic structures are lattice structures composed of carefully 
designed 2D or 3D unit cells [23,24]. They exhibit a negative Poisson’s 
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ratio under applied mechanical load. It has been shown that such unique 
structural response not only enhances certain mechanical properties (e. 
g. shear modulus [25], indentation resistance [26], fracture resistance 
[27]) but also contributes to increased piezoresistive sensing perfor-
mance due to the combined effect of reduced lateral contraction and 
strain concentration [20]. Since the geometric features of auxetic 
structures are often complex, their fabrication has long been hampered 
by the limitations of traditional manufacturing techniques. However, 
with the emerging additive manufacturing techniques [28–32], complex 
material architectures can now be realized at relatively low cost, and 
this has accelerated research efforts on mechanical metamaterials. 
Although the mechanical characteristics of auxetic structures have been 
extensively studied in the literature, studies on the piezoresistive sensing 
performance of 3D printed auxetic nanocomposites are currently 
lacking. 

Herein, we examine the piezoresistive sensing performance of 2D 
auxetic multi-walled carbon nanotube (MWCNT)/High Density Poly-
ethylene (HDPE) nanocomposites fabricated via fused filament fabri-
cation (FFF) additive manufacturing. Initially, MWCNT/HDPE filaments 
with various MWCNT loadings (2, 4 and 6 weight percent (wt%)) were 
fabricated via melt-blending. Using the nanoengineered filaments, 
MWCNT/HDPE nanocomposite auxetic structures with different relative 
densities (20, 30 and 40%) and unit cell geometries (Re-entrant, Chiral 
and S-shaped structure) were fabricated via FFF. The auxetic structures 
thus obtained were tested under uniaxial tension and their piezoresistive 
and mechanical properties as a function of their relative density and unit 
cell geometry were studied. Finally, an empirical scaling equation that 
relates the piezoresistive sensitivity of the structure to its relative den-
sity is presented. 

2. Materials and methods 

2.1. Preparation of MWCNT/HDPE filament feedstock for additive 
manufacturing 

The MWCNT/HDPE filaments were produced at a diameter of 1.75 
mm via melt mixing using a co-rotating Coperion ZSK 18 (Germany) 
twin-screw extruder. HDPE was provided in pellet form by the Abu 
Dhabi Polymers Co Ltd (Borouge), UAE, while the MWCNTs were sup-
plied by Applied Nanostructured Solutions LLC, USA. The nano-
composites were prepared by mixing different weight percentages of 
MWCNT with HDPE to obtain filaments with either 2, 4 or 6 wt% of 
MWCNT. Further details on the melt-mixing process are given in Section 
S1 (Supplementary Material), while detailed characterizations of the 
MWCNT/HDPE filaments can be found in in our recently published work 
[33]. The dispersion state of MWCNTs in the HDPE matrix affect both 
mechanical and functional properties of HDPE/CNT composites. To 
form an electrically conductive network within the HDPE matrix at a 
lower percolation threshold and to realize optimal mechanical perfor-
mance, a uniform dispersion of CNTs is required. The dispersion state of 
CNTs in the HDPE matrix has been analyzed in our previous study via 
Scanning Electron Microscopy (SEM) [33]. The percolation threshold 
was calculated as described in our previous study [33] by fitting con-
ductivity data with a power law function using percolation theory [34, 
35] as a function of the percent volume of CNTs. A schematic 2D rep-
resentation of electrically percolated HDPE/CNT nanocomposites with 
different microstructures representing different dispersion states of 
CNTs in the matrix is shown in Fig. S2. 

Fig. 1. Auxetic structures with S-shaped (a), Re-entrant (b) and Chiral (c) unit-cell geometry, and a schematic of the piezoresistive test setup (d): ε is the applied 
strain, l0 is the initial gauge length over which the change in electrical resistance, ΔR = R - R0, is measured, where R0 and R are the resistance at zero strain and at the 
applied strain, ε, respectively. 
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2.2. Additive manufacturing of MWCNT/HDPE auxetic structures 

The prepared filaments (see Section 2.1) were used to additively 
manufacture 2D auxetic structures with S-shaped (Fig. 1a), Re-entrant 
(Fig. 1b) and Chiral (Fig. 1c) unit-cell geometries via FFF. Re-entrant 
and chiral unit-cell topologies have been widely studied and represent 
two main mechanisms for achieving auxeticity via unfolding and 
rotating ligaments, respectively. The recently introduced S-shaped ge-
ometry exhibits significantly lower stress concentration under load 
compared to the re-entrant structure [36]. The designed structures 
consisted of 4 × 13 unit cells with each unit-cell measuring 7 × 7 × 1 
mm, resulting in an overall size of 28 × 91 × 1 mm. For each unit-cell 
geometry, the in-plane wall thickness, t, was varied to obtain struc-
tures of three different relative densities, ρ = 20%, 30% or 40%. The 
major dimensions of each type of structure are listed in Table S1 (Sup-
plementary Material). We used SolidWorks (Dassault Systèmes Solid-
Works Corp., USA) to create the CAD models which were then sliced 
using Simplify3D to prepare them for printing. The auxetic structures 
were 3D printed via FFF using a Creator Pro 3D printer (Flashforge, 
USA), depositing the fused filament layer-by-layer on a heated build 
platform. The auxetic structures were printed using neat HDPE and 
MWCNT/HDPE composite filaments with 2, 4 and 6 wt% MWCNT 
loading. For all prints, the nozzle temperature was set to 220 ◦C, the bed 
temperature to 120 ◦C and the layer thickness to 200 μm. In the 
following, the 3D printed samples are coded as XXYY-Z where XX rep-
resents the unit-cell geometry (“S” for S-shaped, “Ch” for chiral and “Re” 
for re-entrant geometry), YY denotes the relative density in % (either 20, 
30 or 40) and Z indicates the MWCNT loading in wt.% (either 2, 4 or 6). 

2.3. Mechanical and piezoresistive testing of MWCNT/HDPE auxetic 
structures 

To measure the mechanical and piezoresistive response of the 2D 
auxetic structures, tensile tests were conducted on the 3D printed sam-
ples using a Zwick//Roell Z005 universal testing machine (UTM) with a 
2.5 kN load cell. The samples were clamped over an area covering three 
unit cells at both ends using wedge action grips (see Fig. 1d), resulting in 
a gauge length of 49 mm, or seven unit cells, while the width is 28 mm, 
or four unit cells. The representative area for strength and stiffness 
calculations is calculated by multiplying the width (28 mm) and thick-
ness (1 mm) of the specimen. All experiments were conducted at a strain 
rate of 0.0017 s− 1, allowing for quasi-static tension. Further, we 
attached two copper sheets to both ends of the sample and connected 

them to a DMM 4050 multimeter (Tektronix, USA) for in situ measure-
ment of sample’s electrical resistance, R. Note that the metallic grips of 
the UTM were insulated from the conductive specimen to ensure that the 
accuracy of the resistance measurements was not affected by electrical 
charge leakage. The obtained electrical resistance data were synchro-
nized with the engineering stress and strain measurements, where the 
strain was deduced from the recorded crosshead displacement. Each test 
was repeated at least three times to ensure repeatability of the 
measurements. 

3. Results and discussion 

3.1. Effect of cell topology on the piezoresistive self-sensing performance 

In this section, we examine the effect of the unit-cell geometry on the 
piezoresistive response of 3D printed MWCNT/HDPE auxetic structures 
subject to uniaxial tensile loading. We consider auxetic MWCNT/HDPE 
structures with S-shaped, Chiral and Re-entrant unit-cell geometries (see 
Fig. 1) and restrict our attention to structures with 40% relative density 
and 4 wt% MWCNT loading. Note that the mechanical characteristics of 
these auxetic structures are not discussed here in detail, for the sake of 
brevity, but are presented in Section S4 (Supplementary Material). 

Fig. 2a presents the measured normalized resistance changes, ΔR/R0, 
as functions of the applied strain, ε, for the three unit-cell geometries 
considered here. Here ΔR = R − R0 denotes the change in the sample’s 
resistance, R, relative to the initial zero-strain resistance, R0. The figure 
shows nonlinearities in the piezoresistive responses of the three types of 
structures characterized by a continuously increasing slope in the 
measured ΔR/R0 vs. ε curves, and these nonlinearities become more 
pronounced at higher strains. As the tensile strain increases, the effective 
electrical resistance of the auxetic structure increases due to 1) change in 
contact resistance between CNTs and 2) increase in the distance between 
the conducting nanofillers, resulting in lower possibilities of forming 
conductive networks through electron tunnelling (a mechanism which 
allows electrons to transfer from one CNT to another across a small gap 
[12]), and this contributes to very high changes in the resistance as the 
induced strain approaches the failure strain of the material. It can also be 
seen from Fig. 2a that the S-shaped structures exhibit superior sensitivity 
to strain when compared to both Chiral and Re-entrant structures. While 
the Chiral and Re-entrant topologies show a very similar piezoresistive 
response within the linear elastic regime (ε ≤ 0.05), the Chiral structure 
is slightly more sensitive at higher values of strain. The change in 
morphology of the conductive network within the cell wall material 

Fig. 2. Effect of cell topology on the piezoresistive response: (a) normalized resistance change plotted as a function of strain, (b) gauge factor evaluated in the linear 
elastic regime (ε < 0.05). 
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under tensile load dictates the piezoresistive behavior of all three 
cellular structures considered herein. The deformation mode of three 
different unit cell topologies governs their piezoresistive behavior. 

To enable a quantitative comparison of the change in electrical 
resistance to the applied strain, we introduce the gauge factor defined as 
the slope of the ΔR/R0 vs. ε curve. Assuming that the piezoresistive 
response is linear over an interval [ε1, ε2], the gauge factor can be 
expressed as 

k =
(ΔR2 − ΔR1)/R0

ε2 − ε1
(1)  

where ΔR1
R0 

and ΔR2
R0 

are the resistance changes relative to R0, evaluated at 
imposed strains ε1 and ε2, respectively. In this study, unless otherwise 
stated, gauge factors were evaluated within the initial linear elastic 
regime (ε ≤ 0.05). 

Based on the data presented in Fig. 2a, the average gauge factors (of 
at least three repeated tests) corresponding to ε ≤ 0.05 are plotted in 
Fig. 2b for each unit-cell geometry, along with the corresponding error 
bars (standard deviation). The S-shaped auxetic structure shows an 
average gauge factor of k = 7.61 followed by 1.95 and 1.76 for the Chiral 
and Re-entrant geometries, respectively, indicating that the S-shaped 
cellular structure exhibits 300% higher sensitivity to applied strain than 
the Chiral or Re-entrant structures. 

To analyze the piezoresistive sensitivity of the MWCNT/HDPE 
structures with 4 wt% MWCNT loading over different strain regimes, 
gauge factors were evaluated from the measurements on five intervals 
according to eq. (1): [0, 0.05], [0.05, 0.1], [0.1, 0.2], [0.2, 0.3] and [0.3, 
0.4]. The obtained values are listed in Table S4 (Supplementary Mate-
rial), showing that the gauge factors increase steadily with increasing 
strain for both the S-shaped and Chiral structures, as also seen from 
Fig. 2a. The gauge factors of the Re-entrant structure, however, remain 
nearly constant up to large strain (i.e. ε = 0.4), indicating a linear pie-
zoresistive response. While the piezoresistivity of the printed structures 
within the linear elastic regime (i.e. ε ≤ 0.05) can be exploited for strain 
sensing, the observed resistance changes beyond the yield point (ε >
0.05) are related to irreversible deformation processes, and can be used 
for damage sensing (Table 1). It is interesting to note that the gauge 
factor varies with the cell topology (Fig. 2b) in a very similar way as the 
elastic modulus (Fig. S5b, Supplementary Material), indicating a direct 
relation between elastic stiffness and piezoresistive sensitivity. The 
reason for the superior elastic stiffness and strain sensitivity of the S- 
shaped structure can be explained as follows. As seen from Fig. 1a, the 
struts of the S-shaped structure that lie within the tensile load path are 
nearly vertical and therefore, carry the load more efficiently as 
compared to the Re-entrant or Chiral structure where the load-carrying 
ligaments are more angled, resulting in a pronounced bend-dominated 
behavior associated with reduced stiffness. Hence, the struts of the S- 
shaped structure experience less bending and shearing, and this, in turn, 
yields enhanced sensing performance since the percolating network of 
nanofillers is subject to a more uniform stretch-dominated mode of 

deformation. 

3.2. Effect of MWCNT loading on the piezoresistive self-sensing 
performance 

We proceed to examine the effect of MWCNT loading on the pie-
zoresistive characteristics of 3D printed MWCNT/HDPE auxetic struc-
tures. In Fig. 3a, we plot the no-load resistance, R0, of S-shaped 
MWCNT/HDPE structures with different MWCNT loadings (2, 4 or 6%) 
and constant relative density (40%). As the MWCNT loading increases, 
the no-load resistance decreases significantly, reporting R0 = 60 kΩ at 2 
wt% (which is near the percolation concentration of these 3D printed 
nanocomposites, see Ref. [33]), R0 = 5 kΩ at 4 wt% and R0 = 1.5 kΩ at 6 
wt%. This is expected because a higher MWCNT concentration in the 
composite results in the formation of additional contact and tunnelling 
junctions between the conductive MWCNT nanofillers and facilitates the 
formation of a stable conductive network in the otherwise electrically 
non-conducting HDPE matrix. 

Fig. 3b presents the measured normalized electrical resistance 
changes, ΔR/R0, as functions of the applied strain, ε, for S-shaped, Chiral 
and Re-entrant structures with two different MWCNT loadings (4 wt% 
and 6 wt%) and constant relative density (40%). Note that the strain 
range is limited to the linear elastic regime (i.e. ε < 0.05) where strain 
sensing is appropriate. We also note that ΔR/R0 values for structures 
with 2 wt% MWCNT loading (i.e. just above the percolation threshold) 
are not reported here and in the following figures due to the fact that the 
electrical resistance of a nanocomposite close to the percolation 
threshold is highly sensitive to the applied strain, and such high sensi-
tivity could not be accurately captured with our instrument due to its 
limitation. It is seen from Fig. 3b that the MWCNT/HDPE structures with 
4 wt% of MWCNT show higher changes in resistance as compared to 
those with 6 wt%, and this trend is consistent for all unit cell geometries 
considered here. The observed increase of the sensitivity with 
decreasing MWCNT concentration is in line with previous studies (see e. 
g. Refs. [9,37–40]) and can be explained by the fact that, at lower 
nanofiller concentrations, the number of conducting channels in the 
percolating network is smaller and the distances between the nanofillers 
in each channel also increases (on average), which, in turn, increases the 
probability of breaking the electron transfer in a channel when tensile 
strain is applied. 

3.3. Effect of relative density on the piezoresistive self-sensing 
performance 

In this section, we explore effects of relative density on the me-
chanical and piezoresistive characteristics of MWCNT/HDPE S-shaped 
structures. Note that the influence of relative density on the piezor-
esistive performance of Chiral and Re-entrant structures is presented in 
the Supplementary Material (see Section S6). 

In Fig. 4a and c we present the stress vs. strain responses of MWCNT/ 
HDPE S-shaped structures with 4 and 6 wt% MWCNT loading, respec-
tively; contours are included for three different relative densities, 20% 
(blue), 30% (red) and 40% (yellow), respectively. It can be seen that 
both the Young’s modulus and ultimate strength of the auxetic struc-
tures increase with increasing relative density (see, Fig. 4e and f), as 
expected [41]. We also observe a decrease in the failure strain with 
increasing relative density (see Fig. 4a), except for the composite with 6 
wt% MWCNT loading where the sample with 30% relative density 
shows the largest strain at failure (see Fig. 4c). This inconsistency is 
believed to have resulted from stochastic nature of defect-structure (i.e., 
inter- and intra-bead porosities) associated with additive 
manufacturing. Note that the defect-structure becomes pronounced with 
increase in MWCNT loading. The structures with 4 wt% MWCNT loading 
show higher failure strains and more pronounced nonlinearities in their 
stress vs. strain responses (Fig. 4a) as compared to the ones with 6 wt% 
MWCNT loading (Fig. 4d), indicating that plastic deformation in the 

Table 1 
Mechanical and piezoresistive properties of S-shaped MWCNT/HDPE structures.  

Parameter 4 wt% 6 wt% 

Relative 
density 
[%] 

20 30 40 20 30 40 

Young’s 
Modulus 
[MPa] 

23.08 
± 6.0 

35.60 
± 5.7 

113.25 
± 5.3 

22.7 
± 1.9 

34.80 
± 2.0 

108.35 
± 5.30 

Strength 
[MPa] 

1.93 ±
0.70 

1.94 ±
0.70 

4.89 ±
0.20 

0.69 
±

0.04 

1.22 ±
0.09 

2.13 ±
0.42 

Gauge Factor 4.07 ±
1.50 

6.40 ±
1.80 

7.61 ±
0.41 

2.15 
±

0.42 

4.22 ±
1.50 

5.61 ±
0.17  
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composite was highly restricted when the MWCNT loading reached 6 wt 
% MWCNT, and this is corroborated by the stress vs. strain responses 
obtained from dogbone specimens (see Fig. S4, Supplementary Mate-
rial). In Fig. 4e–f, we show, respectively, the average Young’s modulus 
and ultimate strength values extracted from three repeated tests. 
Comparing the modulus and strength data of the structures with 4 wt% 
and 6 wt% MWCNT loading, we detect only minor differences in the 
Young’s modulus (Fig. 4e) but large discrepancies in the ultimate 
strength (Fig. 4f). This can be explained by the lower ductility of the 
composite with 6 wt% MWCNT loading (Fig. S4, Supplementary Mate-
rial) which makes the material more prone to brittle fracture around 
existing defects that act as stress raisers. We also notice a slight decrease 
in the Young’s modulus with an increase in the MWCNT loading from 4 
to 6 wt%; this can be attributed to the lower printing quality of 6 wt% 
MWCNT/HDPE structures which resulted in a larger number of defects 
in the FDM print (see Fig. S8, Supplementary Material). Table 1 sum-
marizes the mechanical properties (tensile strength and Young’s 
modulus measurements plotted in Fig. 4e–f) of the auxetic structures 
under tensile loading. Note that the measured Young’s moduli E were 
found to be well described by the Gibson-Ashby [41] model 

E
Es

= C
(

ρ
ρs

)n

(2)  

where Es and ρs are the modulus and density of the parent material 
respectively, E and ρ are the modulus and density of the cellular struc-
ture respectively, ρ/ρs represents the relative density, and C and n are 
constants that are typically found via curve fitting. Least-square fits of 
eq. (2) to our measurements (see Fig. S7, Supplementary Material) 
yielded n = 2.21 and n = 2.18 for S-shaped structures with 4 and 6 wt% 
MWCNT loading, respectively, which lie within the expected range of 
bend-dominated lattices [41]. 

Fig. 4b and d presents the piezoresistance measurements of S-shaped 
MWCNT/HDPE structures with 4 and 6 wt% MWCNT loading respec-
tively for three different relative densities. These figures show that ΔR/
R0 becomes more sensitive to variations in strain with increasing rela-
tive density; for the S-shaped structure with 4 wt % MWCNT loading, we 
report a 87% increase in gauge factor (from 4.07 to 7.61) with an in-
crease in the relative density from 20 to 40% (see Fig. 4g). It is worth 
noting that the ΔR/R0 vs. ε responses of S-shaped structures with 6 wt% 
MWCNT loading (Fig. 4d) do not show the nonlinearities that we 
observe for those with 4 wt% MWCNT loading. This can be explained by 
the limited ductility of the MWCNT/HDPE composite with 6 wt% 
MWCNT loading, which resulted in sudden failure of the structure under 

a small, imposed strain (ε < 0.1) where the connectivity of the perco-
lating network is maintained, and changes in the tunnelling resistance 
remain small. 

The observed increase in the gauge factor with increasing relative 
density (see Fig. 4g) can be attributed to the higher number of con-
ducting paths available in higher relative density structures. In fact, an 
increase in relative density can be imagined as the inclusion of addi-
tional conducting paths in parallel, all of which undergoing the same 
strain under tensile loading. As a result, a lattice structure with higher 
relative density possesses a lower no-load resistance, R0, as compared to 
the one with lower relative density, as seen from Table 1 and Fig. 5b. 
Assuming a uniform dispersion of nanofillers, it is expected that all 
conductive paths in the percolating network of a lattice structure would 
become non-conducting at nearly the same level of applied strain, 
irrespective of the relative density chosen. Consequently, ΔR/R0 in a 
lattice structure with higher relative density is expected to be larger over 
an increment of strain since 1) its no-load resistance is lower than that of 
a lower relative density structure and 2) breakage of large number of 
conductive paths in the high relative density structure compared to 
those in lower relative density structures of same MWCNT content. 
Therefore, we could expect increase in the gauge factor with increasing 
relative density, as observed from our measurements. The synchronized 
mechanical and piezoresistive response with deformation maps of S- 
shaped and Chiral cellular structures (4 wt% MWCNT loading) can be 
seen in the Video SV1. 

To further investigate the coupling between piezoresistive perfor-
mance and the relative density of a lattice structure, we plot, in Fig. 5a, 
the gauge factor as a function of relative density for S-shaped, Chiral and 
Re-entrant lattice structures with 4 wt% and 6 wt% MWCNT loading. By 
performing least-square fits to the measured data, we find that the effect 
of relative density on the gauge factor can be described by a power-law 
relation 

k
ks

= a
(

ρ
ρs

)b

(3)  

where k/ks is the normalized gauge factor with ks being the gauge factor 
of the parent material, ρ/ρs is the relative density, and a and b are fitting 
parameters with their numerical values listed in Table S5 (Supplemen-
tary Material). While eq. (3) provides a good description of the data 
plotted in Fig. 5a, it is noted that k/ks does not approach unity when 
ρ/ρs→1, as we would expect; hence, the simple power-law relation in eq. 
(3) would not be suitable for lattice structures with high relative density 
(i.e. > 50%). 

Fig. 3. (a) Initial no-load resistance values, R0, obtained for S-shaped samples comprising 2, 4 and 6 wt% of MWCNT with a relative density of 40% and (b) 
normalized resistance change plotted as a function of strain for S-shaped, Chiral and Re-entrant samples comprising 4 and 6 wt% MWCNT with a relative density of 
40%; the strain rage is restricted to the linear elastic regime (ε < 5%). 

S. AlMahri et al.                                                                                                                                                                                                                                



Polymer Testing 114 (2022) 107687

6

Fig. 4. Stress vs. strain responses of S-shaped structures with 4 wt% (a) and 6 wt% (c) MWCNT loading and their corresponding normalized resistance changes as a 
function of strain (b,d); the bar charts compare the measured Young’s modulus (e), ultimate strength (f) and gauge factor (g) between different relative densities and 
MWCNT loadings of S-shaped structure. 

Fig. 5. Normalized gauge factor (a) and initial resistance (b) as functions of relative density for S-shaped, Chiral and Re-entrant nanocomposite structures comprising 
4 and 6 wt% MWCNT. 
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4. Conclusions 

In this study, we examined the mechanical characteristics and pie-
zoresistive sensing performance of 3D printed multifunctional auxetic 
nanocomposite structures composed of a high-density polyethylene 
(HDPE) matrix reinforced with electrically conductive multi-walled 
carbon nanotubes (MWCNTs). Auxetic structures with different cell to-
pology and relative densities were additively manufactured via fused 
filament fabrication (FFF) process using melt-blended MWCNT/HDPE 
filaments with varying MWCNT weight content. Both mechanical and 
piezoresistive responses of MWCNT/HDPE auxetic structures were 
measured under tensile loading. The results showed that the S-shaped 
cellular structure possesses superior mechanical and piezoresistive 
characteristics, reporting a gauge factor of 7.6 at 4 wt % MWCNT 
loading, which is ~300% higher than those measured for the Re-entrant 
and Chiral structures. It was also shown that the gauge factor of all 
auxetic structures decreases significantly with increase in MWCNT 
loading from 4 to 6 wt%. Our results further revealed a strong depen-
dence of the gauge factor upon the relative density of the cellular 
structure, which was well-described by a simple power-law scaling 
equation for all cell topologies considered herein. The findings of this 
study provide useful guidelines for the design and fabrication of self- 
sensing cellular structures with tunable sensitivity, and this will likely 
stimulate further research into 3D printed micro-architected smart ma-
terials for a broad range of applications, including wearable electronics 
and self-sensing prosthetics. 
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