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Abstract: In this research, we present the development of 3D printed, highly stretchable and
sensitive strain sensors using Graphene based composites. Graphene, a 2D material with
unique electrical and piezoresistive properties, has already been used to create highly sensitive
strain sensors. In this new study, by co-printing Graphene based Polylactic acid (PLA) with
thermoplastic polyurethane (TPU), a highly stretchable and sensitive strain sensor based on
Graphene composites can be 3D printed for the first time in strain sensors. The fabrication
process of all materials is fully compatible with fused deposition modeling (FDM) based 3D
printing method, which makes it possible to rapidly prototype and manufacture highly
stretchable and sensitive strain sensors. The mechanical properties, electrical properties,
sensitivity of the 3D printed sensors will be presented.
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1. Introduction

Highly sensitive and stretchable sensors have wide potential applications in soft robotics,
flexible/wearable electronics and prosthetics [1,2]. Additive manufacturing by means of 3D
printing is a promising technology that has the advantages of rapid and distinct iteration of
prototyping manufacturing [2]. 3D printable Graphene filaments, though very sensitive, have
poor mechanical properties and hence are very limited in its stretchability or elasticity [3,4]. For
strain sensing applications, PLA has strong bonding with Graphene and ease of 3D printability,
however; its rigidity limits the stretchability [4]. On the other hand, thermoplastic polyurenthene
(TPU) is stretchable and printable material, but has an inherent negative strain effect due to the
poison ratio effect, which limits the sensitivity of any stretchable sensors [5,6].

We here proposed to develop a Graphene based PLA with TPU successfully compounded
by melt processing and simultaneously 3D co-printed, for the creation of highly stretchable and
sensitive strain sensors. The current 3D printed Graphene based sensors suffer poor
stretchability reported up to 8% strain [3,4]. Herein, the co-printing of Graphene/PLA/TPU
significantly enhanced the stretchability, while keeping the sensitivity of a typical Graphene
based strain sensors.
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2. Materials and Methods

2.1. Materials

The materials used in this research include conductive Graphene PLA pellets, purchased
from Graphene3D lab with electrical conductivity of 0.6 S/cm and stretchable TPU filament with
shore hardness of 85A was purchased from NinjaTek Ltd. (Manheim, PA, USA).

2.2. Composites Preparation

For the sensing material, Graphene PLA “GP” pellets were first dry mixed with the addition of
TPU pellets and then hot blended in a single-screw extruder (Noztek Pro, Noztek Ltd., West Sussex,
UK) to form a strand of 1.75 mm of diameter as shown in Figure 1a to be later employed for the 3D
printing process [Figure 1]. The mass loading (wt%) of the TPU added to GP is denoted as GP-xTPU,
where x represent the mass loading wt% of TPU to GP. For the substrate, the TPU filament was used
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Figure 1. (a) Preparation of the sensing material via single-screw extruder (inset of mixed pellets
and the extruded 1.75 mm strand); (b) The schematic process of 3D FDM dual printing.

2.3. 3D Fabrication of the Strain Sensors

For the 3D printing process, a Flashforge Creator Pro FDM printer (FlashForge Corporation,
Jinhua, Zhejiang, China), with dual extrusion system was used to fabricate the strain sensors
reported here. Three samples with mass loadings of GP, GP-10TPU and GP-20TPU were prepared.
The prepared sensing filament illustrated in Figure 1b, was simultaneously printed in meandering
sine wave like structure embedded within an insulating pure TPU substrate [7]. The 3D printed
samples as illustrated in Figure 1b measure 100 x 6.6 x 2 mm and Table 1 shows the 3D printing
parameters.

Table 1. FDM parameters used for 3D printing of strain sensors.

Parameter Value
Print Temperature (°C) 230
Platform Temperature (°C) 60
Print Nozzle Diameter (mm) 0.4
Layer Height (mm) 0.2
Print Infill (%) 100

Print Speed (mm/s) 15
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3. Results

3.1. Electromechanical Properties

In order to evaluate the electromechanical response of the 3D printed sensors, each sensor
was first wired and silver coated at the two ends to reduce the contact resistance to the probes.
The samples were connected to a Picolog Data Logger with a constant voltage of 2.5 V in order
to measure the electrical resistance. They were also attached to an Instron 3367 (Instron Ltd.,
Norwood, MA, USA) machine to perform the tensile test at a strain rate of 4 mm/s. To evaluate
the sensitivity of the strain sensors, the relative change in resistance was expressed as AR/Ro
(where AR represents the change in resistance during strain loading and Rorepresents the value
of the original sensor’s resistance). Figure 2a shows the first response of change in resistance
loaded to 100% strain of samples with GP, GP-10TPU and GP-20TPU.
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Figure 2. (a) First response of change in resistance at 100% strain (inset of the sample at 0 & 100%
strain); (b) cyclic loading at 10% strain; (c) cyclic loading at 25% Strain; (d) cyclic loading at 50% strain.
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It was observed that all of the three samples were able to withstand a peak first cycle of
100% strain due to the meander structure of the sensing pattern embedded in the stretchable
TPU matrix as shown in Figure 2a, and were found to perform steady change in resistance. Also,
the samples, which had the addition of stretchable TPU, showed higher sensitivity than of neat
GP (See Figure 2a).

3.2. Cyclic Strain Behaviour

To further examine the 3D printed samples, cyclic strains of 10%, 25% and 50% were
performed and illustrated in Figure 2b—d respectively, of cycles between 11th to 20th cycles. The
samples showed gradual increase of change in resistance with strain loading and decrease with
unloading, which is described as positive strain effect [5]. It was also observed that the addition
of TPU to GP enhanced the sensitivity of the strain sensors, which can be confirmed in all of the
cyclic strains shown in Figure 2b—d. In addition, the peak pre straining of 100% strain at the first
cycle resulted the strain sensors to perform with good sensing stability at lower cyclic strains,
represented with good recoverability and reproducibility [8].

4. Conclusions

In summary, a simple method of 3D printed conductive composites simultaneously
embedded within a stretchable substrate was presented. The electromechanical and cyclic loading
of the samples were tested and showed their feasibility as strain sensors. The co-printing of
Graphene/PLA/TPU in a meander sine wave like structure significantly enhanced the
stretchability by up to 4 folds, to over 30% strain, while keeping the sensitivity of a typical
Graphene based strain sensors. The cyclic loading and unloading of the printed samples showed
good sensing stability and recoverability, while maintaining positive strain effect.
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