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Abstract 

This study presents the multifunctional characteristics of multi-walled carbon nanotube 

(MWCNT)/polypropylene random copolymer (PPR) composites enabled via fused filament 

fabrication (FFF) under monotonic and quasi-static cyclic compression. Utilizing in-house 

MWCNT-engineered PPR filament feedstocks, both bulk and cellular composites were realized. 

The morphological features of nanocomposites were examined via scanning electron microscopy, 

which reveals that MWCNTs are uniformly dispersed. The uniformly dispersed MWCNTs forms 

an electrically conductive network within the PPR matrix, and the resulting nanocomposite shows 

good electrical conductivity (⁓10-1S/cm), improved mechanical performance (modulus increases 

by 125% and compressive strength increases by 25% for 8 wt.% MWCNT loading) and 

pronounced piezoresistive response (gauge factor of 27.9-8.5 for bulk samples) under 

compression. The influence of strain rate on the piezoresistive response of bulk samples (4 wt.% 

of MWCNT) under compression was also measured. Under repeated cyclic compression (2% 

constant strain amplitude), the nanocomposite exhibited stable piezoresistive performance up to 

100 cycles. The piezoresistive response under repeated cyclic loading with increasing strain 

amplitude of was also assessed.  The gauge factor of BCC and FCC cellular composites (4 wt.% 
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of MWCNT) with a relative density of 30% was observed to be 46.4 and 30.2 respectively, under 

compression. The higher sensitivity of the BCC plate-lattice could be attributed to its higher degree 

of stretching-dominated deformation behavior than the FCC plate-lattice, which exhibits bending-

dominated behavior. The 3D printed cellular PPR/MWCNT composites structures were found to 

show excellent piezoresistive self-sensing characteristics and open new avenues for in situ 

structural health monitoring in various applications. 

Keywords: carbon nanotubes, nanoengineered polymer composites, 3D printing, piezoresistive 

self-sensing, lattice structures 

1. Introduction 

Carbon nanotube (CNT)-based polymer composites are very promising materials for numerous 

functional applications compared to other carbonous fillers as CNTs can form conductive 

networks/paths within the insulating matrix at very low loading. The percolated conductive paths 

are responsible for the electron movement within the insulating matrix [1, 2]. This ability has been 

utilized for designing smart materials which can sense in situ strain and/or damage state through 

change in resistance of the material under stress or strain [3-6]. Conducting networks within the 

polymer matrix behave like an artificial nervous system (ANS) to detect strain changes in a 

structure at distribution points [7]. A CNT based ANS may therefore useful for applications such 

as structural health monitoring, smart building, skin-mountable and wearable electronic devices 

and robotics [7].  

In addition, the performance of ANS can be tailored by changing the matrix material, 

architectural design, and CNT loading. However, the main challenge is to enable ANS and 

fabrication of complex structures with ANS morphology. In this context, additive manufacturing 

(AM), also known as 3D printing, is considered as a promising and innovative technology for 
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fabricating complex structures that are difficult and/or impossible to produce via conventional 

methods [8, 9] [10]. Over the years, several AM techniques such as inkjet printing, powder bed 

fusion, contour crafting [11], fused filament fabrication (FFF) [12, 13] etc., have been developed.  

Among all extant 3D printing techniques, FFF is getting more recognition due to its operational 

simplicity and low cost [10, 14-18]. The feedstock used in the FFF process is in the form of a 

continuous filament of thermoplastic polymer. Commonly used polymers and their composites for 

FFF process are polylactic acid (PLA)[19], acrylonitrile butadiene (ABS)[20, 21], polyamide 

(PA)[22], polycarbonate (PC)[23], and polystyrene (PS)[24] etc. As the demand for polymer 

composites with functional properties is increasing day by day, the need for developing printable 

materials with functional properties is also constantly increasing. 

As evidenced by the growing number of studies, AM is becoming a viable method for creating 

materials/structures with desirable mechanical and functional properties. Several studies focused 

on the creation of bulk composite materials using a variety of materials, including soft and 

stretchable composite materials such as PDMS/MWCNT[25] and TPU/CNT[26] and stiffer 

composite materials like PP/CNT[27] and PEEK/CNT[13] and investigated their mechanical and 

piezoresistive performance. Additionally, these studies have also successfully created periodic 

cellular composites by utilizing the capability of AM to create complex geometries in a single 

production process[13, 27]. These studies on cellular composites demonstrated self-sensing 

functionalities in addition to enhanced mechanical attributes. 

This study explores the multifunctional properties of highly loaded polypropylene random 

copolymers (PPR)/multi-walled carbon nanotube (MWCNT) composites (up to 8 wt%). The 

PPR/MWCNT filaments were developed by melt-blending using a twin-screw extruder. Both bulk 

and cellular structures were successfully fabricated using FFF and their piezoresistive self-sensing 

Jo
urn

al 
Pre-

pro
of



4 
 

characteristics were measured under quasi-static monotonic and cyclic compression. The effects 

of MWCNTs on electrical conductivity and mechanical properties were systematically 

investigated. The state of dispersion of MWCNTs in the PPR matrix was investigated by scanning 

electron microscopy, while AC electrical conductivity and compressive piezoresistive 

performance were studied to investigate the strain and damage sensing behavior of the bulk and 

cellular composites. In addition, cyclic loading/unloading tests under constant strain amplitude and 

increasing strain amplitude were performed to evaluate the long-term self-sensing performance of 

the composites. Cellular structures with two different closed-cell architectures, namely BCC plate-

lattice and FCC plate-lattice, were fabricated to investigate the effects of the cellular architectures 

on the mechanical and self-sensing performance of the composites. 

2. Materials and experimental methods 

2.1 Materials 

Polypropylene-co-ethylene random copolymer (PPR) (melt flow index of 0.3g/10 min at 230 

ᵒC/2.16 kg) supplied by Borouge Pte. Ltd., was used as the matrix. The PPR was used instead of 

PP (homopolymer) for the present study because it is comparatively inexpensive and has low 

processing (low melting temperature ~147 °C) temperature and comparable mechanical properties 

to that of PP [27, 28]. The MWCNTs supplied by Applied Nanostructured Solution, LLC were 

used as conductive fillers. The MWCNTs were grown on glass fiber substrates by chemical vapor 

deposition (CVD) [28]. The average outer diameter and length of the MWCNTs were ~12 nm and 

~30 µm, respectively [29]. Thermogravimetric analysis (TGA) was used to determine the purity 

of the MWCNTs and was found to be 86% 

2.2 Preparation of PPR/MWCNT composite filaments for FFF 3D printing 
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The PPR/MWCNT composite filaments were prepared using a co-rotating twin screw extruder 

(Coperion ZSK 18, Germany) (see Fig.1) with a screw length to screw diameter (L/D) ratio of 40. 

The processing parameters selected for the fabrication of feedstock filaments are summarized in 

Table S1. Prior to processing, PPR and MWCNTs were vacuum dried at 80 °C for 6 hours. The 

polymer composites were extruded through a circular die of 1.80 mm. A roller was used to 

maintain the consistency of the filament diameter (i.e., 1.75 mm). The PPR/MWCNT composites 

were prepared by mixing 0, 4, 6, 8 wt.% of MWCNT and are identified as PPR-0, PPR-4, PPR-6, 

and PPR-8, respectively. 

 

Fig.1 Schematic diagram of filament fabrication and 3D printing :(a) extruder, (b) FFF 3D 

printer, (c) 3D printed cellular structures and (d) MWCNT based artificial nervous system (ANS)  

2.3. Fabrication of dense and cellular nanocomposites via FFF 3D printing 

(a)

(b)
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Creator Pro FFF 3D printer (Zhejiang Flashforge 3D technology Co., LTD, Zhejiang, China) with 

a nozzle diameter of 0.4 mm was used to make the test samples using in-house made filaments. 

CAD models were created using Solidworks (Dassault Systèmes Corp.) and converted to 3D 

printable STL files. The process parameters for fabricating the test samples are listed in Table S2. 

For the fabrication of PPR /MWCNT composites, the 3D printer bed was replaced with a metallic 

bed and a pressure sensitive PP (Polypropylene) tape was used to overcome the warpage problem 

associated with its poor adhesion to print bed.   

2.4. Characterization and testing of dense and cellular nanocomposites  

Scanning electron microscopy (Nova Nano SEM 50 series) was used to investigate the dispersion 

state of MWCNTs in the PPR matrix using cryogenically fractured samples. Prior to 

characterization, the samples were coated with a thin layer of gold. The electrical conductivity of 

the composites was measured using a GW Instek LCR meter. The samples with a size of 23×11×2 

mm3 were tested using an Agilent E16451B probe at a frequency of 1000 Hz. The compressive 

mechanical tests were performed on cuboidal (25×12.5×12.5 mm3) specimens and BCC and FCC 

cellular structures using a Zwick-Roell universal testing machine. Real-time piezoresistive tests 

were performed using a universal testing machine (Zwick-Roell) with an electrometer (Tektronix 

DMM 4050). Piezoresistive performance under uniaxial compression was measured at different 

strain rates, i.e., 5, 15, and 25 mm/min. Similarly, the piezoresistive response under repeated cyclic 

loading with a constant strain amplitude of 2% at a crosshead speed of 5 mm/min was investigated. 

The piezoresistive responses under cyclic loading with increased strain amplitude were also 

studied at a crosshead speed of 5 mm/min. For this analysis, the strain amplitude was kept at 2% 

for the first cycle and increased by 1% for each successive cycle. Cellular structures with two 

different closed-cell architectures, namely BCC plate-lattices and FCC plate-lattices were 
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additively manufactured using PPR-4 and the effect of unit cell topology on out-of-plane 

mechanical and self-sensing performance of the cellular structure under quasi-static compression 

is evaluated. The fabricated specimens consist of 2×2×2 unit cells with a cell size of 10 mm and a 

relative density of 30%.  

3. Results and discussion  

3.1 Morphological characterization using scanning electron microscopy (SEM) 

Fig. 2a-c shows SEM scans of PPR/MWCNT composites with varying MWCNT loading, 

while the inset images show SEM scans of the same composition at higher magnification. The 

SEM micrographs show the uniform dispersion of MWCNTs within the PPR matrix and the inset 

images confirm the opening of CNT bundles and formation of CNT networks within the polymer 

matrix[28]. The uniform dispersion of MWCNTs and the formation of conductive networks 

indicate that the shear-induced melt-phase mixing in the extruder is an efficient approach for the 

development of nano-engineered composites. The uniform dispersion of fillers within the polymer 

is an important criterion for the development of self-sensing material as agglomerations may lead 

to inconsistent sensitivity. Further, as the MWCNTs impart reinforcing effect and are electrically 

conductive, it is expected that the composites display desirable mechanical properties and 

appreciable piezoresistive response.  
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Fig.2 SEM micrographs of PPR/MWCNT composites with varying MWCNT content while inset 

images show SEM micrographs of same composition at higher magnification (100000X): a) neat 

PPR, b) PPR with 4wt.% MWCNT loading and c) PPR with 8wt.% MWCNT loading. Arrows 

indicate the MWCNT in PPR matrix. 

3.2 Electrical conductivity of PPR/MWCNT composites 

Electrical conductivity of PPR/MWCNT composites as a function of MWCNT wt.% has 

been measured and reported in our previous works [30, 31]. The conductivity measurements show 

that the electrical conductivity of PPR improves significantly with the addition of MWCNTs (2-8 

PPR-4 PPR-8

PPR-0

1 µm 1 µm

(a)

(b) (c)

MWCNT 

links

Jo
urn

al 
Pre-

pro
of



9 
 

wt.%), with a sharp increase in conductivity at 2 wt.% MWCNTs loading (from 10-11 to 10-7S/cm). 

The sharp increase in the electrical conductivity of the composites indicates the formation of 

electrically conductive network within the insulating polymer. The formation of the first 

conducting network within the matrix is referred to as electrical percolation threshold, which can 

be calculated by calibrating the measured data using power-law model [32]. The percolation value 

for the PPR/MWCNT composites was observed to be ⁓1.40 wt.% [33].  

3.3 Mechanical performance of PPR/MWCNT composites  

It is well known that MWCNTs form clusters in the matrix due to strong van der Waals 

forces at higher CNT loading. As a result, the exceptional properties of CNTs cannot be effectively 

utilized. The deagglomeration and opening of MWCNT clusters facilitates the uniform dispersion 

of CNTs and creates viable interfaces between CNTs and the matrix. This is essential for the 

development of mechanically efficient multifunctional composites. Therefore, we investigated the 

mechanical properties of the composites to evaluate the reinforcing and stiffening effect of CNTs.  

 

(b)(a)
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Fig.3. a) Representative compressive stress-strain response of 3D printed PPR/MWCNT bulk 

composites and b) elastic modulus and yield stress for different MWCNT loadings of composites. 

The compressive mechanical performance of PPR/MWCNT composites is shown in Fig.3, 

where representative stress-strain responses of the neat PPR and PPR/MWCNT composite samples 

are shown. Fig.3a and Fig.3b show the compressive strength and modulus of the composites with 

varying MWCNT content. It can be seen (Fig.3b) that the addition of MWCNTs to PPR improves 

the compressive strength by 25%, i.e., from 24 MPa (for PPR-0) to 30 MPa (for PPR-8). The 

improved strength could be due to the efficient stress transfer to the CNTs from the matrix and the 

homogeneous dispersion of MWCNTs in the matrix. PPR-MWCNT interfaces act as load-bearing 

interfaces and the load is efficiently transferred from the matrix to the MWCNTs through such 

interfaces. In addition, inherent stiffness of MWCNTs and the ability of MWCNTs to enhance the 

melt crystallization of the PPR matrix, contribute to stiffening and strengthening [34]. Indeed, it is 

also observed that the elastic modulus of PPR (Fig. 3b) increased by ⁓25% and ⁓125% with the 

addition of 4 and 8 wt% MWCNTs, respectively, confirming that MWCNTs impart stiffness to 

the polymer matrix. 

3.4. Piezoresistive characteristics of PPR/MWCNT composites  

3.4.1. Effect of MWCNT loading   

The piezoresistive strain sensitivity of a composite is defined in terms of the gauge factor (k), 

which can be determined by the slope of the normalized change in resistance vs. strain curve and 

can be expressed as follows. 
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Where R0 is the initial resistance of the composites, ΔR is the change in resistance due to change 

in imposed strain 'dε'. 

Fig.4 shows the piezoresistive performance of PPR/MWCNT bulk composites under monotonic 

compression for varying amount of MWCNT. The graph (Fig.4) clearly shows that the composites 

with 4, 6 and 8 wt% MWCNT have k (sensitivity) values of 27.8, 20.7 and 17.1, respectively. Note 

that the gauge factor decreases with increasing MWCNT loading. When the strain approaches a 

critical value during mechanical compression loading, the CNT network is disturbed and the 

distance between MWCNTs decreases, leading to the formation of new conducting paths[35]. At 

this stage, the electrical conductivity or resistance change of the composites is determined by the 

contact junction resistance between the CNTs rather than electron tunnelling and hopping 

mechanisms (see, Fig. 5a & 5b). The occurrence of resistance changes at this time is due to a 

change in the morphology of the MWCNT network. The morphological changes during the 

compression test are also confirmed by Raman spectroscopy. From Fig. 5c and 5d, it can be seen 

that the ID /IG ratio is higher in the compressed samples (Fig. 5d) indicating more disordered 

structure (Fig. S1). 
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Fig.4 Evolution of normalized change in resistance during monotonic compressive loading of 

PPR/MWCNT composites with different CNT loadings. 
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Fig.5a and 5b show the schematic of morphology of MWCNT network before and after the 

application of compressive load respectively while Fig.5c and 5d indicate corresponding Raman 

spectra.  

3.4.2. Effect of strain-rate  

The piezoresistive performance of polymer composites is based on the change in resistance due to 

the change in morphology of the conductive network and is expected to change with loading speed. 

Therefore, here we investigate the compressive piezoresistive behaviour of polymer composites 

by varying the strain rate. The gauge factors of the composites under compression with strain rates 

of 5, 25, and 50 mm/min were 27.9, 17.1, and 18.0, respectively, for the sample with 4 wt.% 

MWCNT loading (PPR-4). Likewise, the gauge factors of the composites loaded with 6 and 8 

MWCNT
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paths
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wt.% MWCNT also show similar trends and the results are summarized in Table 1. From Fig. 6, 

it can be seen that the gauge factor (sensitivity) generally decreases with increasing strain rate, 

which could be due to the faster reduction in the average separation distance between MWCNTs 

and the shorter response time at higher strain rate. Since the piezoresistive performance of 

PPR/MWCNT composites is affected by strain rate, it can be used as a guideline for developing 

self-sensing materials for high strain rate applications. 

Table.1 Summary of gauge factors of different PPR composites under compression for different 

strain rates 

 

Sample designations 

Gauge factor (k) at different strain rates 

k at 5 mm/min k at 25 mm/min k at 50 mm/min 

PPR-4 27.9 17.1 18.0 

PPR-6 18.5 16.8 14.9 

PPR-8 17.9 15.7 14.3 
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Fig.6. Effect of strain rate on piezoresistive response of PPR/MWCNT composites for different 

MWCNT loadings.  
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3.4.3. Piezoresistive response of nanocomposite under repeated quasi-static cyclic 

compression 

 

Fig.7. Piezoresistive response of PPR/MWCNT composites comprising 4 wt.% MWCNT loading, 

under cyclic compressive loading up to 100 cycles with a 2% strain amplitude: (a) evolution of 

normalized resistance change with applied strain as a function of number of cycles and (b) 

evolution of normalized resistance change and stress as a function of number of cycles. 

(a)

(b)
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Fig.8 Piezoresistive performance of PPR/MWCNT composites comprising 4 wt.% MWCNT 

loading, under cyclic compressive loading up to 100 cycles with a of 2% strain amplitude: (a) 

hysteresis loop for 1st, 50th and 100thcycles, (b) -ΔR/R0-ε curve for 1st, 50th and 100th cycles and (c) 

dissipated energy vs. number of cycles.  

PPR /MWCNT composite specimens containing 4 wt% MWCNT are tested under repeated cyclic 

compression loading up to 100 cycles with a strain amplitude of 2% (corresponding to the linear 

elastic regime) at a strain rate of 5 mm/min, as this composite showed good sensitivity under 

(a) (b)

(c)
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monotonic compression loading (see Fig.4). Repeated cyclic loading with constant strain 

amplitude helps to evaluate the hysteresis performance of the composites. From Fig.7a and7b, it 

can be seen that the stress increases linearly to a maximum in response to the applied strain and 

returns to zero upon unloading, closing the hysteresis loop (Fig.8a). Interestingly, the normalized 

change in resistance during loading follows a similar trend. However, during unloading, the 

normalized resistance change shows a shoulder peak, unlike the stress-strain response. This 

response is attributed to the restructuring of the MWCNT networks due to the viscous nature of 

the polymer. During compression, the polymer chains are stretched by the load, reaching an 

entropically unstable state. As a result, the MWCNTs begin to move in the direction of mechanical 

deformation. The average spacing between nanotubes decreases, which leads to microstructural 

changes and thus alters the electrical resistance. When the cyclic strain persists, the PPR chains 

gradually return to their original position and reach an entropically stable state [25]. 

It is also observed that the peak stress decreases as the number of cycles increases (Fig. 8a & 8b). 

This cyclic softening behavior indicates the phenomenon of polymer chain relaxation. The 

decrease in the maximum stress with the number of cycles supports this observation. Although the 

peak stress decreases slightly between the 1st and 50th cycles, the peak stress is almost the same 

during the 50th and 100th cycles, confirming that the mechanical performance of the composites 

is stable up to 100 loading/unloading cycles at a strain amplitude of 2%. The dissipated energy as 

a function of the number of cycles (Fig.8c) also confirms the change of energy during cyclic 

loading. 

3.4.4. Piezoresistive response of nanocomposite under quasi-static cyclic compression with 

increasing strain amplitude 
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The performance of the PPR /MWCNT composites samples (containing 4 wt% MWCNT) under 

incremental cyclic compression loading was evaluated. Fig. 9a & 9b show the -ΔR/R0 profile over 

7 compression cycles with increasing strain amplitude, while Fig. 9c shows the corresponding 

stress-strain behaviour. As the strain amplitude increases and decreases, the -ΔR/R0 values also 

increase and decrease accordingly (see Fig.9a & 9b). The decrease in relative resistance change is 

due to the decrease in MWCNT-to-MWCNT distance due to incremental compressive loading. 

The signature of the shoulder peak in the sample at higher cycles could be due to rearrangements 

of the MWCNT network and accumulation of a residual strain with increasing number of cycles.  

 

(a) (b)

(c) (d)
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Fig.9 Cyclic loading with increasing strain amplitude: (a) and (b) variation of stress and strain 

and normalized resistance change (-ΔR/R0) with time for PPR-4 respectively, (c) stress vs. strain 

response of PPR-4 samples and (d) normalized resistance change (-ΔR/R0) vs. strain response of 

PPR-4 samples. 

3.5. Piezoresistive performance of PPR/MWCNT plate-lattices under quasi-static 

compression 

 

Fig.10 Piezoresistive response of PRR/MWCNT cellular composite structures comprising 4 wt.% 

MWCNT loading: (a) BCC plate-lattice and  (b) FCC plate-lattice 

Cellular structures with two different closed-cell architectures, namely BCC plate-lattice 

and FCC plate-lattice, were additively manufactured using PPR-4 (with 4 wt.% MWCNT loading) 

and the effect of the unit cell topology on mechanical and self-sensing performance of cellular 

architectures is evaluated. The out-of-plane engineering compressive stress-strain behaviour of the 

cellular structures obtained from quasi-static experiments are plotted in Fig.10. The modulus of 

the BCC and FCC structures was found to be 70 MPa and 56 MPa, respectively. Similarly, the 

gauge factor of the BCC and the FCC lattices was observed to be ~12.9 and ~8.5 respectively. The 
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(a) (b)
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higher modulus and gauge factor of BCC plate-lattice could be attributed to their greater extent of 

stretch-dominated deformation behaviour, while FCC plate-lattices exhibit more bend-dominated 

behaviour. Bend-dominated cellular structures are subjected to tensile stresses (or strains) and 

compressive stresses (or strains) at different locations in the plates. In tensile stress regions, the 

conducting paths reduce with load due to mechanisms such as the change in contact resistance 

between the CNTs and tunneling. Unlike FCC lattices, BCC structures are subject to stretching-

dominant deformations. For this reason, BCC structures are expected to have a lower effect of 

tensile stresses (or strains) and thus have a higher sensitivity. This suggests the possibility of 

developing AM-enabled nano-engineered cellular structures with tunable mechanical and self-

sensing properties suitable for a variety of applications. [36].   

3.6. Piezoresistive performance comparison with extant works 

 

 

HDPE/CB[37] 

SR/CB[38] 

SR/CB[37] 

HDPE/Graphite[39] 

HDPE/Graphite[40] 

Epoxy/MWCNT[41] 

Epoxy/MWCNT[41] 

Vinyl ester/MWCNT[42] 

TPU/MWCNT[43] 

TPU/CB[44] 

TPU/MWCNT[26] 

PDMS/MWCNT[25] 

Present work (Bulk samples) 

Present work (Cellular structures) 

 

 

Fig.11 Comparison of the gauge factors obtained from present work with those of extant works. 

In some recent studies [25, 26, 37-44], researchers have developed piezoresistive self-

sensing composites using a variety of approaches. Fig. 11 compares the gauge factors of 3D-
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printed bulk and cellular structures of PPR /MWCNT composites with those reported in the extant 

works. The results show that our AM-enabled structures exhibit excellent piezoresistive sensitivity 

compared to those of extant works. Our results show a superior gauge factor for the BCC cellular 

structure with 4 wt% MWCNT. 

Conclusions 

In this study, piezoresistive and mechanical behavior of additive manufacturing-enabled bulk and 

cellular PPR/MWCNT composites under monotonic and quasi-static cyclic compressive loading 

is presented. The composite filaments were fabricated by a shear-induced melt mixing process that 

facilitates a uniform dispersion of MWCNTs and the formation of conductive networks in the PPR 

matrix. MWCNT-based polymer composites showed excellent conductivity (up to ⁓10-1 S/cm) and 

good mechanical performance (compressive strength up to 30 MPa) along with remarkable 

piezoresistive sensing performance (with a sensitivity of 27.9 for bulk samples and excellent 

reversibility over 100 cycles). The cellular structures displayed tunable piezoresistive (gauge 

factor) and mechanical (modulus) performance, i.e., ~12.9 and 70 MPa for BCC plate-lattice and 

~8.5 and 56 MPa for FCC plate-lattice, respectively. This study presents an industrially viable, 

low-cost process that can be used to develop highly sensitive, lightweight bulk and cellular 

composites with tunable sensitivity and mechanical response. The research findings from the study 

can be applied to industrial robots, lightweight smart structures and electronics for rehabilitation 

or failure prevention. 
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