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Abstract 6 

This paper develops an auxetic (negative Poisson’s ratio) piezoelectric energy harvester 7 
(APEH) to increase the power output when harnessing strain energy. The APEH consists 8 
of a piezoelectric element bonded to an auxetic substrate. The auxetic substrate 9 
concentrates the stress and strain into the piezoelectric element’s region and introduces 10 
auxetic behaviour in the piezoelectric element, both of which increase the electric power 11 
output. A finite element model was developed to optimise the design and verify the 12 
mechanism of the power increase. Three APEHs were manufactured and characterised. 13 
Their performance was compared with two equivalent strain energy harvesters with plain 14 
substrates. Experimental results show that the APEHs, excited by sinusoidal strains peak-15 
to-peak of 250 με at 10 Hz, are able to produce electric power of up to 191.1 µW, which is 16 
14.4 times of the peak power produced by the plain harvesters (13.4 µW). The power gain 17 
factor is constant between samples as the amplitude and frequency of their applied strains 18 
are varied. The model and experimental results are in good agreement, once accounting for 19 
the imperfect bonding of the epoxy using the spring constant of the Thin Elastic Layers on 20 
the modelled epoxy surfaces. 21 
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1. Introduction 23 

Energy harvesting is concerned with utilising small amounts of energy available within the local environment to 24 
power small electronic devices [1–3]. Popular potential applications of this technology include self-powered sensor 25 
nodes in a distributed wireless network, typically used for structural health monitoring. Being powered in-situ 26 
means these sensors won’t require routine battery replacement, and can thus be embedded into a structure or 27 
benefit from quick, easy, and flexible retrofitting without additional (re)wiring [4,5]. Given adequate power 28 
availability, this technology could recharge mobile devices on the move. Other applications such as powering 29 
wireless switches, doorbells and security equipment [6], keyboards [7], and asset management trackers [8,9] are 30 
being explored. 31 

In some cases, ambient vibration energy in buildings, vehicles or machinery may be sufficient to provide power 32 
to such a device via a harvesting mechanism such as piezoelectricity [10,11]. Many vibration energy harvesters use 33 
the inertia of a proof mass to help couple the energy into the electro-mechanical transduction mechanism, which 34 
could be piezoelectric, electromagnetic, triboelectric, or electrostatic [1–3]. Most inertial harvesters are dependent 35 
on a resonant frequency for optimum power output, outside which there will be a significantly reduced output. 36 
Alternatively, strain energy harvesting avoids any reliance on the harvester’s resonant condition, and can be 37 
achieved by a piezoelectric material bonded to the vibrating structure; its simple implantation, ease of scaling up, 38 
and no moving parts make strain energy harvesting an attractive option for vibration energy harvesting [11,12]. 39 

Strain energy harvesting is attractive where the ‘skin’ of a structure is under variable loading, such as the wing 40 
of a plane [4,11,12]. For safety reasons, the amplitude of the dynamic strains are designed to keep to a minimum 41 
(for example, 300 με (micro-strain) would generally be considered high [12]). This low strain amplitude limits the 42 
power output of the strain energy harvester. One way to harvest more strain energy while minimising impact on the 43 
host structure would be to use auxetic materials in the harvester.  44 
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Auxetic materials and structures possess a negative Poisson’s ratio, meaning they expand laterally under tension 1 
(or contract laterally under compression), in direct contrast to conventional materials [13–21]. Most innately 2 
auxetic materials have infolding internal structures, meaning they would lack the authority to stretch a stiffer 3 
material bonded to them (such as most piezoelectric materials). There are however various structures that can give 4 
a stronger bulk material auxetic behaviour, resulting in a negative effective Poisson’s ratio while possessing more 5 
authority. One of the more widely discussed structures, the re-entrant honeycomb array (REHA), is shown in 6 
Figure 1 [13–17,20]. It is based on a hollow hexagonal network with two opposing corners pushed inwards until 7 
they re-enter the hexagon; this leaves an hourglass-shaped hole in the centre. When this structure is placed under 8 
tension these holes open up (tending toward rectangles) and the beams push outward [17].  9 

 10 

Figure 1: Example auxetic structure: re-entrant honeycomb array (REHA). Arrows show the axial stretch direction, deformed 11 
result shown in grey (magnified for clarity) compared to its original shape shown in the black outline. 12 

 13 

The use of auxetic elements in energy harvesting is still at an early research stage. Li, Kuang and Zhu [22] have 14 
modelled a bimorph energy harvester with an auxetic substrate. This could generate 2.76 times the power of an 15 
equivalent plain form, i.e. a solid substrate with the same external dimensions, by engaging both the conventional 16 
31-mode and the generally neglected 32-mode of the piezoelectric elements.  17 

De Bellis and Bacigalupo [23] have modelled and analysed an anti-tetrachiral auxetic lattice which could form 18 
the active part of a self-powering and more sensitive strain gauge. Their piezoelectric element (PZT-5A) is 19 
sandwiched by polymeric material, with the same auxetic profile through the thickness; this makes the device more 20 
flexible than bulk PZT, increasing its response to an applied strain. 21 

Umino, et al. [24] have modelled and demonstrated a MEMS bimorph energy harvester using a REHA auxetic 22 
substrate which generated 1.6 times more power than one with a plain plate. Their auxetic substrate reduces their 23 
bimorph’s rigidity which allows for a greater flexing and thus a greater power output from the attached piezo-24 
elements (PVDF). This substrate also reduces its resonant frequency compared to the plain; by adjusting the 25 
substrate structure, the resonant frequency may be tuned independently from the bimorph’s overall size, as shown 26 
by Adeshara [25], Chandrasekharan and Thompson [26]. 27 

There has been some related work in piezoelectric auxetic actuators, some of which could be run in reverse as 28 
energy harvesters. Fey, et al. [27], have demonstrated an auxetic REHA actuator made of PZT to increase the 29 
displacement from an applied voltage; this could potentially be run in reverse as an energy harvester. Being made 30 
of only bulk ceramic, this would be liable to cracking under excessive loads if used in this manner. 31 

In this study, we developed a piezoelectric strain energy harvester incorporating auxetic structure to increase the 32 
electrical power output. This auxetic piezoelectric energy harvester (APEH) uses a substrate with an auxetic region 33 
to introduce auxetic behaviour and concentrate stress in the piezoelectric element. The APEH could be used in the 34 
future to power wireless sensor nodes for structural health monitoring in buildings and vehicles. 35 
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2.  Auxetic Energy Harvester 1 

The auxetic piezoelectric energy harvester (APEH) proposed in this study is schematically shown in Figure 2. It 2 
consists of one or two d31-mode piezoelectric elements bonded to either face of a substrate, which is then fixed onto 3 
a host structure. The region of the substrate sandwiched between the piezoelectric elements has been formed into 4 
an auxetic structure. The advantage of this auxetic region is twofold: firstly, the auxetic region can stretch the 5 
piezoelectric element in two directions at once and thus increase the electric power output; secondly, the auxetic 6 
region has a lower stiffness than the rest of the substrate, which concentrates the stress into the piezoelectric 7 
elements. This concentration effect helps to increase the power density of the energy harvester. 8 

 9 
Figure 2: Schematic of the auxetic piezoelectric energy harvester (APEH) bonded over a host structure, the source of 10 

vibrations. A second piezo element could be added on the underside of the auxetic region. 11 
 12 

When a uniaxial strain is applied to the substrate at frequencies far below its resonance frequency, the 13 
piezoelectric power output can be formulated as [22]:  14 

𝑃𝑜𝑝𝑡 =
𝑓 𝐴𝑝 𝑡𝑝 𝑑31

2

𝜀0𝜀33
 (𝜎11̅̅ ̅̅ + 𝜎22̅̅ ̅̅ )2     (1) 15 

where 𝑓 is the excitation frequency; 𝐴𝑝 and 𝑡𝑝 are the area and thickness of the piezoelectric material; 𝑑31 is the 16 

piezoelectric charge constant, note that for bulk ceramic: 𝑑31 = 𝑑32; 𝜀33 is the piezo’s relative permittivity; 𝜎11̅̅ ̅̅  and 17 
𝜎22̅̅ ̅̅  are the average axial (x-axis) and lateral (y-axis) stresses in the piezoelectric material respectively. 18 

Eq. (1) suggests that σ11̅̅ ̅̅̅ and σ22̅̅ ̅̅̅ contribute equally to power generation. For conventional strain harvesters, the 19 
Poisson’s ratios of the piezoelectric material and the substrate are both positive, and of similar value; they therefore 20 
contract transversely at about the same rate when stretched. There is thus little external lateral force applied on the 21 
piezo and σ22̅̅ ̅̅̅ arises primarily from the piezo’s own Poissonian contraction. This makes it the opposite sign to, and 22 
smaller than, σ11̅̅ ̅̅̅ and it is only considered for its retardant effect. The σ11̅̅ ̅̅̅ term therefore dominates the power 23 
output for a conventional strain harvester. If the substrate has a negative Poisson’s ratio however, and thus expands 24 
laterally under tension, it will apply this lateral force on the piezo element. As a result, 𝜎22̅̅ ̅̅  will increase (and, if the 25 
force is sufficient, will take on the same sign as σ11̅̅ ̅̅̅), therefore both σ11̅̅ ̅̅̅ and 𝜎22̅̅ ̅̅  can contribute to the power 26 
generation simultaneously. 27 

To introduce auxetic behaviour in the substrate, our APEH substrate incorporates a re-entrant honeycomb 28 
structure, similar to that shown in Figure 1. For the present study, a single re-entrant hexagonal unit was used for a 29 
small scale harvester. 30 

 31 

3. Finite Element Modelling 32 

3.1. FE Modelling Method 33 

Finite element (FE) modelling was used to investigate the benefits of the auxetic region on the harvested power. 34 
The FE model, developed in COMSOL Multiphysics® 5.3, is schematically illustrated with an exploded view in 35 
Figure 3(a) and isolated auxetic region in Figure 3(b). The model consists of a steel substrate, with a re-entrant 36 
honeycomb unit as auxetic region, and a piezoelectric element (PIC151, Physik Instrumente). An epoxy layer of 37 
8 μm thick is included between these components. The dimensions and material properties of the model are listed 38 
in Table 1 and Table 2, respectively. 39 

Host Surface under Oscillatory Strain 

 

Piezo-element(s) 
over Auxetic region 

Substrate 
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The substrate has two clamped portions, each with a length of Lclp, at either end. In the model, one clamped portion 1 
was fixed, while the other was subjected to an axial harmonic displacement to produce an overall strain of 250 με at 2 
10 Hz on the free portion of substrate. A load resistor was connected across the electrodes on the top and bottom 3 
faces of the piezoelectric element. Its resistance was set using Eq. (2) to match the internal impedance of the PZT, to 4 
characterise the maximum available electric power output. 5 

𝑅 =
𝑡𝑝

2𝜋𝑓𝜀0𝜀33𝐴𝑝
      (2) 6 

To demonstrate the benefits of the auxetic region for energy harvesting, an equivalent plain energy harvester 7 
was also modelled. It uses a plain bulk substrate with the same external dimensions as the auxetic model, but has 8 
no auxetic region. The piezoelectric element remains the same, and the epoxy layer fills the whole area under it. 9 

A parametric analysis was performed to determine the optimal dimensions of the auxetic region, which gave the 10 
maximum power output while keeping the peak stress within the material strength (with a safety factor of 1.3). The 11 
parameters studied include: beam width tb, cell angle α, crossbeam length cb, and filleting radius r, all shown in 12 
Figure 3(b)). The studied ranges and the optimised values of these parameters are listed in Table 1. Detailed results 13 
of the parametric studies may be found in the Supplementary Material. 14 

To account for imperfections in the adhesive’s bonding, thin elastic layers (TELs) were included at the epoxy’s 15 
interfaces with both the substrate and the piezoelectric element. The TELs are a spring boundary condition available 16 
in COMSOL which connects the touching faces purely via visco-elastic forces, proportional to their relative 17 
displacement and velocity. The stiffness per unit area in the TELs, ka, represents the bonding strength of the layer; a 18 
higher spring constant corresponding to a stronger bond. The value of ka was indeterminable prior to the experiment, 19 
but for the purposes of the design stage it was estimated to be in the order of 100 GN/m3. This value was derived by 20 
comparing the power outputs of Pozzi et al. [11] (using similar piezoelectric elements to ours) with the plain version 21 
of the model using a range of ka values (shown in Figure 5(a)). An improved value of ka for future modelling and 22 
design work may be determined from experiment, as in Section 5.2.1. 23 

 24 
Figure 3: (a) Exploded render of model, annotated with external parameters and (b) parameters for the auxetic region (i.e. 25 

area of substrate directly under the piezo). Parameter values are listed in Table 1. 26 

 27 

(a) (b) 
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Table 1: Parameter values used in the model (final value 

given with modelled ranges where applicable) 

 
Part Parameter Symbol Value (range) Unit 

Piezo-

Element 

Length Lp 20 mm 

Width Wp 20 mm 

Thickness tp 180 m 

Resistance R 465 kΩ 

Epoxy Thickness tg 8 m 

TEL ka 100 GN/m3

Substrate Length Ls 80 mm 

Width Ws 20 mm 

Thickness ts 1.15 mm 

Clamp Lclp 20 mm 

Auxetic 

Region 

Beam Width tb 2 (1–3) mm 

Cell Angle α 33 (1–42) ° 

Deformation* d 7.4 (1–9.8) mm 

Crossbeam cb 11 (2–12.1) mm 

Fillet Radius r 0.5 (0.1–1.3) mm 

* Deformation length, d, derived from α and tb 

Table 2: Material properties used in the model.  

 
Material Property Value Unit 

PZT: 

PIC151 

(Piezo- 

Element) 

[28] 

Density ρp 7500 kg/m3 

Compliance 

Matrix 
𝑠11

𝐸  16.83 μm2/N 

𝑠33
𝐸  19.00 μm2/N 

𝑠55
𝐸  50.96 μm2/N 

𝑠12
𝐸  -5.656 μm2/N 

𝑠13
𝐸  -7.107 μm2/N 

𝑠44
𝐸  50.96 μm2/N 

𝑠66
𝐸  44.97 μm2/N 

Coupling 

Matrix 

d31 -214.0 pC/N 

d33 423.0 pC/N 

d15 610.0 pC/N 

Relative 

Permittivity 

ε11 1936 – 

ε33 2109 – 

Epoxy Density ρg 1250 kg/m3 

Poisson’s Ratio νg 0.35 – 

Young’s Modulus Eg 1.00 GPa 

Steel: 

EN 10130 

(Substrate) 

Density ρs 7870 kg/m3 

Poisson’s Ratio νs 0.29 – 

Young’s Modulus Es 200 GPa 

 

3.2. FE Modelling Results 1 

The APEH with the optimised dimensions produced electric power of 66.8 µW when excited by strains of 2 
250 με at 10 Hz, with a ka of 100 GN/m3. Compared to the power of 5.8 μW produced by the equivalent plain 3 
harvester, the APEH shows a power gain of 11.5 times. The power gain remained constant when the amplitude and 4 
frequency of the excitation strain are varied. To verify the mechanism of the power increase, the stress in both 5 
harvesters was examined, as shown in Figure 4. 6 

The plain substrate has its stress distributed evenly in the areas between the two clamping portions (Figure 4(a)). 7 
In contrast, the auxetic substrate concentrates the stress and strain into the more pliable auxetic region, particularly 8 
into those corners which flex outward. The peak stress of 216 MPa in the APEH was therefore found at the apex of 9 
one of these corners. This stress is sufficiently below the yield strength (280 MPa) of the substrate. The peak stress 10 
in the piezoelectric element was found to be around 10 MPa, less than a third of its tensile strength (35 MPa). 11 

As a result of the stress concentration in the APEH, its piezoelectric element experiences an average axial stress, 12 
𝜎11̅̅ ̅̅ , of 3.0 MPa. This is notably higher than the 1.9 MPa for the equivalent plain harvester. Meanwhile the average 13 
lateral stress in the APEH’s piezoelectric element, 𝜎22̅̅ ̅̅ , is 1.8 MPa. This, like its axial stress, is tensile, which 14 
demonstrates the auxetic behaviour of the APEH. In contrast, the average lateral stress of the piezoelectric element 15 
in the plain harvester is -0.46 MPa; the negative here indicates typical Poissonian contraction. 16 

Considering Eq. (1), the increased axial stress combined with the change in the sign of lateral stress leads to the 17 
power increase of the APEH. The values of (𝜎11̅̅ ̅̅ + 𝜎22̅̅ ̅̅ )2 from Eq. (1) for the APEH and plain harvesters are 23.8 18 
and 2.07 MPa2, respectively. These give a power gain of 11.5; this agrees with the FEM simulated power gain. 19 
Therefore, the power increase in the APEH is caused by the combined effects of stress concentration and auxetic 20 
behaviour of the auxetic region. 21 
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 1 
Figure 4: False colour image of (a) substrate and (b) PZT stress distributions in the Plain (top) and Auxetic (bottom) models. 2 

Colour ranges capped and deformations (compared to outlines) shown magnified 100 times for clarity. 3 

 4 

Since the epoxy’s bonding strength could only be estimated prior to the experiment, its potential effect on the 5 
performance of the energy harvesters was studied using the value of spring constant per unit area, ka, in the TELs. 6 
This is presented in Figure 5. As ka increases, the epoxy layer transfers the strain on the substrate into the 7 
piezoelectric element more efficiently. As a result, an increase in the stress and power output is observed in both 8 
auxetic and plain harvesters. Using Figure 5(a) we are able to use a sample’s measured power output to estimate 9 
the associated ka value; this can then be used as a starting point in future models. If the ka value is significantly 10 
higher than our estimate then the same excitation could cause excessive stress in the piezoelectric element, as 11 
indicated by Figure 5(b), highlighting the effect of bonding strength on the energy harvesters. 12 

 13 
Figure 5: Simulated (a) power output and (b) peak stresses of Auxetic and Plain harvester designs against spring constant per 14 

unit area, ka, in their Thin Elastic Layers. All points use the same excitation of 250 με at 10 Hz. 15 

 16 

4. Manufacture of Harvester Samples 17 

The manufacture of the harvester samples started by laser-cutting a mild steel sheet (BS EN 10130) to the shape 18 
of the substrates, either plain or auxetic, as designed in Section 3 and defined by the dimensions in Table 1. Epoxy 19 
resin (Scotch-Weld™ 460) was applied to the substrate surface and then the piezoelectric element (PIC151, Physik 20 
Instrumente) was placed over it. Excess epoxy was removed where accessible. The samples were then clamped 21 
firmly in a vice for over 24 hours while the epoxy cured at room temperature. Finally, wires were soldered to the 22 
electrode surfaces of the PZT. In total, three auxetic and two plain samples were made and characterised.23 

(b) (a) 

MPa MPa 

(a) (b) 
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Figure 6: Three Auxetic (right) and two Plain (left) 

samples after epoxy is cured and wires attached.

5. Experimental Characterisation 

5.1. Experimental Method 

 

Figure 7: Auxetic piezoelectric energy harvester installed 

on the material testing machine for characterisation.

 1 

For the experimental characterisation, the harvester samples were clamped by a material testing machine 2 
(Instron ElectroPlusTM E10000) to depth of approximately 20 mm on each end, as shown in Figure 7. The material 3 
testing machine applied a harmonic strain to the sample at an amplitude of 250 με peak-to-peak (i.e. a peak 4 
extension of 10 μm) at a frequency of 10 Hz. The applied harmonic strain was set up so that the energy harvester 5 
would remain in tension throughout the excitation to avoid buckling. The output wires of the energy harvester were 6 
connected to a variable resistor (1-999 kΩ). The voltage across this variable resistor was recorded by a data log 7 
(National Instrument cDAQ-9174 with NI 9229 card). The total load resistance, R, is then the variable resistor in 8 
parallel with the 1 MΩ input impedance of the data log. To find the average generated power, the instantaneous 9 
power was calculated (Pi = Vi

2/R), and integrated with respect to the time to find the accumulated energy. The 10 
gradient of the accumulated energy is approximately linear once the Instron achieves a steady state excitation; this 11 
gradient is the average power output of the trial. 12 

5.2. Results and Discussion 13 

5.2.1. Increased Power Output 14 

Figure 8 shows the experimental results from the two plain and three auxetic harvester samples, excited at 15 
250 με and 10 Hz, alongside their corresponding simulation results. Table 3 summarises the measured optimum 16 
characteristics of the energy harvesters: load resistor R and power Popt, the power gain, and associated ka.  17 

Plain Auxetic 

PZT 

Sample 

(auxetic) 

Clamp 

Output 

Wires 

Piezo 
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The auxetic samples produced peak power of 121.9 to 142.2 µW, compared to 13.4 and 13.2 µW by the plain 1 
harvesters. The power gain is between 9.2 and 14.4, with a mean value of 11.4 among the three auxetic samples. 2 
Wide variations in the measured power output are observed between the auxetic samples, while the plain ones 3 
show a much more consistent power output. This variation is caused primarily by excess epoxy leaking into the 4 
corners of the auxetic region during curing, increasing the stiffness of the auxetic region to an uncontrollable 5 
degree. This variation can be emulated in the simulation by using ka. With the data presented in Figure 5(a), a 6 
sample’s optimum power output may be paired with an associated ka value. The simulated power then 7 
approximately matches the experiments’, as shown in Figure 8. 8 

  9 

 10 
Figure 8: The experimental and simulated power output from all five harvester samples against electrical load resistance, 11 

when excited at 250 με, 10 Hz. Corresponding FE simulation for each sample shown with its TEL’s ka value. 12 
 13 
Table 3: Measured characteristics of the plain and auxetic 

harvester samples.  
 

Sample R (kΩ) Popt (μW) Gain ka (GN/m3) 

Plain 1 463 13.4 — 173 

Plain 2 472 13.2 — 173 

Auxetic A 382 142.2 10.7 178 

Auxetic B 360 191.1 14.4 220 

Auxetic C 402 121.9 9.2 159 

 1 

5.2.2. Effects of Input Excitations 1 

The effects of the strain amplitude and frequency on the performance of the energy harvesters are presented in 1 
Figure 9. The experiment results were obtained from auxetic sample B and plain sample 1. The values of ka for 2 
auxetic and plain harvesters in their simulations were maintained at 220 and 173 GN/m3, respectively. When the 3 
frequency was varied for Figure 9(a), the strain amplitude was kept constant at 250 µε peak-to-peak. When the 4 
peak-to-peak strain amplitude was varied for Figure 9(b), the applied frequency was kept constant at 10 Hz. 5 
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As may be observed from Figure 9, in both simulation and experiment, the power outputs of the harvesters 1 
increase approximately linearly with frequency and quadratically with the strain amplitude, as expected from 2 
Eq. (1). The simulated power is in good agreement with experiment, suggesting ka approximates the imperfect 3 
bonding across this range of excitations. In both cases the power gain is approximately constant at about 14.5 4 
across the excitation range. This indicates that the gain factor is a product of the substrate geometry rather than of 5 
the excitation. Other samples exhibited the same behaviour, but are omitted for clarity. 6 

 7 
Figure 9: Measured and simulated results of (a) strain frequency and (b) strain amplitude on harvester’s power output. 8 

  9 

When a strain of 275 με was applied to the auxetic samples, a hairline crack formed across the PZT. The 10 
original design simulations, discussed in Section 3 and the Supplementary Material, predicted the piezoelectric 11 
element should be able to sustain an excitation strain of ~400 με on the auxetic sample before reaching its tensile 12 
strength of 35 MPa, but this prediction used the estimated ka of 100 GN/m3. Using the experimentally established 13 
value of 220 GN/m3 (for sample B), a revised simulation predicts that the stress in the piezoelectric element should 14 
be tolerable up to a ~330 με excitation, which is still higher than the experimental outcome here. This discrepancy 15 
is likely due to minor defects in the PZT or imperfections introduced during manufacture. This indicates a greater 16 
margin for error should be introduced when considering the integrity of the auxetic harvesters. 17 

 18 

The latter result indicates that use of auxetic elements in strain energy harvesting should be restricted to well 19 
characterised, low strain environments, as they are much more sensitive to the exciting amplitude. This opens up 20 
the potential of harvesting usable power from smaller vibrations than previously considered viable, making these 21 
designs ideal for structural health monitoring. Small oscillations in a building’s superstructure from wind loading 22 
or vehicles passing over the span of a bridge could become more suitable energy sources for remote sensor nodes. 23 
The natural development of the APEH described in this paper would be a larger scale design (with a multi-unit 24 
REHA as the auxetic region) to harvest more energy. 25 

 26 

6. Conclusion 27 

This paper demonstrated that use of an auxetic (negative Poisson’s ratio) structure increases the power output of 28 
a strain vibration energy harvester, relative to a plain equivalent structure. Finite element modelling was used to 29 
optimise the auxetic region (a re-entrant hexagon) of the substrate. Simulation results suggested that the auxetic 30 
region concentrates strain applied to the substrate into the piezoelectric element bonded over it, and adds an 31 
additional lateral component of strain; both effects increase the power output from the piezoelectric elements. 32 

(a) (b) 
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The optimised auxetic piezoelectric energy harvesters (APEH) were manufactured, tested, and compared with 1 
equivalent strain energy harvesters with a plain substrate. When excited by sinusoidal strain of 250 με at 10 Hz, the 2 
APEHs produced up to 191 μW, compared to the plain’s mere 13.3 μW. This yields a power gain of up to 14.4. 3 
The power gain factor remained approximately constant as the excitation was varied, demonstrating it is a function 4 
of the substrate geometry and is not dependant on the excitation. These characteristics of the gain were all 5 
identified by the FEM design process but the imperfect bonding between the glue (epoxy) and the constituent 6 
elements made prior prediction of power output imprecise. Modelling the imperfect bonding was achieved by using 7 
the stiffness of thin elastic layers at the glue’s interfaces, and subsequently comparing the simulated and 8 
experimental outputs to obtain improved values; future models may now utilise these as their initial estimates. 9 

 10 
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Supplementary Material 1 

A. Parametric Study of the Auxetic Region  2 

The key parameters defining the shape of auxetic region are the beam width, tb, cell angle, α, the crossbeam 3 
length, cb, and the filleting radius in all the corners, r. A parametric study in COMSOL Multiphysics® 5.3 was used 4 
to identify the optimum values, as judged by their ability to produce the highest power output without excessive 5 
stress. Multiple such studies were carried out with various starting points and differing routes through the four 6 
given parameters to attempt to find a global optimum; we here present one such route. For all the simulations, the 7 
excitation strain was 250 με at 10 Hz. When each of the four parameters was varied, the others were kept constant 8 
at either the initial values or the previously optimised values once available.  9 

For all the simulations performed below, the peak stress in the piezoelectric element was found to be less than a 10 
third of its tensile strength (35 MPa), while the peak stress in the substrate can excess its yield strength (280 MPa). 11 
Therefore, the peak stress of substrate is presented while the peak stress in the piezoelectric element is omitted.  12 

   13 

A1. Beam Width 14 

The effects of the beam width, tb, on the power output and the peak stress of the substrate are shown in Figure 15 
A1(a). The average axial and lateral stresses in the piezo are shown in Figure A1(b). α and r were kept constant at 16 
35º and 0.3 mm, respectively. No crossbeam was used. As the beam width increases, the power first increases and 17 
then decreases after reaching the maximum of 51 μW when tb is 2.4 mm. The increase of the power with tb is due to 18 
the greater rigidity and contact area granting additional authority for the beams to strain the PZT. Beyond 2.4 mm 19 
however, the beams lose flexibility, thus reducing the stress concentration into the auxetic region and the strain 20 
passed into the piezo. Figure A1(b) shows how the beam width affects both the axial and lateral components of the 21 
piezo stress in a similar way, indicating beam width primarily affects the overall stiffness of the auxetic region. 22 

The peak stress of the substrate generally increases with tb, even while the input strain is constant. This can be 23 
attributed to the additional material in the corners of the auxetic region, making flexing more difficult. To help 24 
keep the substrate within the yield stress limit we elected to use tb = 2 mm. The use of thinner beams is less ideal 25 
when considering only the power output, but will allow more space for a crossbeam; as discussed in A3 below. 26 

 27 
Figure A1: (a) Simulated power output from PZT (solid) and peak stress in substrate (dotted) against beam width, tb; 28 

(b) Average piezo stresses in axial (dashed) and lateral (dot-dashed) directions against tb. (c) Selected examples of tb’s effect 29 
on the auxetic region’s structure. 30 

 31 
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A2. Re-Entrant Cell angle 1 

How deeply the unit re-enters itself may be defined by either the cell angle, α, or the equivalent deformation 2 
length, d, both shown in Figure 3(b). It is related to how far the unit could potentially expand outwards when the 3 
structure is placed under tension. In general, the more the auxetic region is able to expand under tension, the more 4 
lateral strain (and thereby additional power) in the piezoelectric element). As the corners become more acute, stress 5 
is concentrated into these corners, but as the cell angle increases so too does the length of the beams; this can help 6 
distribute the stress across a wider area. This two factors explain the initial rise and subsequent fall in the peak 7 
stress seen in Figure A2(a) as the angle is increased.  8 

The optimum for power output occurs at 30˚ (6.3 mm). Figure A2(b) shows that most of the power gain 9 
associated with the deformation comes from the lateral stress component, with only a small increase found due the 10 
increased axial stress (due to the reduced stiffness of the auxetic region with sharper angles). Our selected 11 
deformation is 33˚ (7.4 mm) as, despite the small loss in power, the lower peak stress is desirable. 12 

 13 
Figure A2: (a) Simulated power output from PZT and peak stress in substrate against cell angle, α; (b) Average stresses in 14 

PZT in axial and lateral directions against α; (c) Examples of α’s effect on the structure. 15 
 16 

A3. Crossbeam Length 17 

A crossbeam is added to the free ends of the REHA to provide additional grip to the piezo-elements and thus aid 18 
the lateral strain transfer. Figure A3(b) demonstrates that all the benefit from this comes through the lateral stress 19 
component. The substrate’s peak stress remains relatively stable throughout. From Figure A3, the most power may 20 
be obtained when the crossbeam is as wide as will physically fit into the available space (12 mm long). Using this 21 
full width would be impossible to manufacture by laser cutter, as the space between the crossbeam tip and the 22 
angled beams of the auxetic region would be too narrow. The chosen length is therefore 11 mm, around 91% of the 23 
available space. 24 

 25 
Figure A3: (a) Simulated power output and peak stress in substrate against crossbeam length, cb; (b) Average stresses in PZT 26 

in axial and lateral directions against cb; (c) Examples of cb’s effect on the structure. 27 
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A4. Filleting Radius 1 

Any sharp corners in the auxetic region, especially those flexing outwards, are prone to excessive concentration 2 
of stress. In Figure A4, we show the simulated effect of filleting these corners to different radii, from the minimum 3 
attainable by most laser cutters (0.1 mm) up to the maximum curvature that fits behind the crossbeams (1.33 mm). 4 
The peak substrate stress is highest when the radius is smaller, as this focuses all the force from the beams’ flexing 5 
into a smaller area. When the radius is sufficiently large that the extra material in the corners impedes the flexing of 6 
the region the peak stress increases slightly. This can is shown in Figure A4(a) above 0.6 mm.  7 

Figure A4(b) shows that the filleting radius affects both axes of the piezo relatively equally. The gradual 8 
decrease with larger radii indicates r’s effect on power is primarily driven by the overall stiffness of the auxetic 9 
region; due to the added material in the corners. To maintain as much power as possible, while minimising the 10 
substrate’s stress, we’ve selected a filleting radius of 0.5 mm. This concludes this derivation of the dimensions 11 
listed in Table 1. 12 

 13 
Figure A4: (a) Simulated power output and peak stress in substrate against filleting radius, r; (b) Average stresses in PZT in 14 

axial and lateral directions against r; (c) Examples of r’s effect on the structure. 15 
 16 
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