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Structures are used for piezoelectric energy harvesters as a way of redirecting the path of an inputted force so that the piezoelectric element can better convert the mechanical energy to electrical energy. A popular structure used for energy harvesting in compressive force scenarios are the cymbal structure or disc spring due to larger spring rates and the ability to turn compression into radial expansion and thus create surface radial tensile stress on the face plane of a piezoelectric element which has been identified as a beneficial characteristic. The drawbacks of the cymbal washer are found when multiplying the washer in a stack configuration, as the shape of the cymbal is only able to activate a single face and the shape creates increased open space which affects power density of an energy harvesting system. This research is further investigating the wave (crinkle) washer and understanding the benefits of a washer that has a rotational symmetry which a single washer can be used to radially stress two piezoelectric elements simultaneously during compressive loading. Simulations show the iterations of the currently available crinkle washer, adjusting design parameters such as curvatures and waves to create an optimised structure resembling a hyperbolic paraboloid washer. The double piezo compression set up was then simulated to receive an area force of 1000 N/m2 vertically onto the top steel backing plate with a diameter of 22 mm and an area of 380 mm2 to demonstrate a total compressive load of 0.38 N, and resulted significant performance improvements. The final optimised circular disc washer charged two 10 nF capacitors to 1.13 mV and 0.89 mV, compared to just 0.01 mV and 0.009 mV achieved with the standard crinkle washer, the performance boost was achieved by removing internal stresses found to be localised to the internal diameter wave radii. The optimised novel crinkle hyperbolic paraboloid configuration was further optimised with slits to eliminate inner stress regions between wave peaks, vastly improving both power density and overall energy harvesting performance with final capacitor voltages of 16.03 mV and 19.77 mV.
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INTRODUCTION
Electrical energy is essential to all aspects of modern civilisation. With advances in battery technology, the proliferation of low-power electronic devices, and the growing reliance on digital information, there is an increasing demand for self-powered devices that minimise dependence on conventional grid power supplies or frequent battery replacements, with smaller personal devices such as pacemakers, insulin pumps & more recent brain-computer interfaces (Gao et al., 2024), but there is also the larger systems – usually arrays - used for powering sensors for traffic signs, and collecting pedestrian footfall kinetic energy (Wang et al., 2018; Liu and Wang, 2019; Cao et al., 2021; Cao et al., 2022). These devices can range in energy requirements based on the amount of information processed or physical action produced and fall in the mW energy band. One promising solution involves integrating energy harvesters directly into devices, enabling the capture and storage of energy from ambient, non-grid sources such as wind, solar radiation, kinetic motion, thermal gradients from the human body or internal combustion engine exhaust, and electromagnetic waves ranging from radio to Wi-Fi signals (Nwalike et al., 2023). The conversion of these diverse energy sources into usable electrical energy requires appropriate electromechanical transduction mechanisms, which depend on the specific environmental conditions, energy source, and power demands of the target electronics. Among various energy conversion approaches, electromagnetic induction is widely employed in linear and rotational applications. However, it has been demonstrated that miniaturising electromagnetic systems leads to a significant reduction in power output, primarily due to the exponential decrease in the coil’s cross-sectional area (Geisler et al., 2016). In contrast, piezoelectric transducers offer more favourable scaling characteristics for miniaturised applications. These materials convert mechanical energy into electrical energy through their intrinsic crystal lattice structures: mechanical deformation induces lattice displacement, resulting in a polarised state that generates a fluctuating electric field. This field produces charge displacement across opposing collector electrodes, which can then store the harvested energy in capacitors for use in electronic loads.
Similar to electromagnetic systems, piezoelectric energy harvesters can be structurally designed to modify voltage output through geometric adjustments, such as altering element thickness or diameter, or stacking multiple elements. Stacked piezoelectric configurations enable higher voltage responses, increased capacitance, and enhanced displacement or deflection for both energy harvesting and actuation applications (Zhu et al., 2010; Alotibi and Khan, 2025). Typically, piezoelectric stacks incorporate alternating electrodes between individual elements, which facilitate voltage matching with storage capacitors, ensuring compatibility with downstream electronic loads that operate within specific voltage ranges. In the context of mechanical activation, compressive forces are often employed to deform the piezoelectric material. To enhance force transmission and deformation, force amplification structures such as flex-tensional and compressive transducers can be integrated into the design (Panda et al., 2015; Wang X. et al., 2016; Wang Y. et al., 2016; Wang et al., 2024; Wu and Xu, 2020; Chen et al., 2024). The use of external spring structures enables pre-loading of piezo stacks, which is especially beneficial as piezo ceramics like lead zirconate titanate (PZT) exhibit superior compressive strength relative to tensile strength; prolonged exposure to tensile stresses can damage the ceramic structure, leading to mechanical failure and reduced energy harvesting performance. Cymbal transducers and bridge structures, which distribute compressive forces across the piezo element faces, have been extensively studied as means to improve the voltage potential. When compressed, these structures expand radially, inducing surface level tensile stress within the piezo material (Zhao et al., 2012; Zhao et al., 2015).
For piezoelectric discs with vertical polarisation between their circular faces, radial shearing or tensile stress with linear compression offers improved charge coefficient than just compression mode (d33), enabling superior mechanical-to-electrical energy conversion under compressive loading (Mo et al., 2013; Long et al., 2021; Zhang et al., 2021; 2024). Consequently, considerable research has focused on optimising cymbal and disc spring structures to maximise radial conversion and power density through structural manipulation (Fernfindez et al., 1998; Yuan et al., 2009; Arnold et al., 2011; Ganilova et al., 2017; Crawley and Luo, 2023; Peng et al., 2023). Although these designs have led to meaningful improvements in increased power density for energy harvesting, cymbal structures inherently activate only one side of the piezo disc, necessitating additional stacked cymbals to achieve multi-layer configurations. This approach increases both the design complexity and dead space within the stack. In contrast, crinkle (or wave) washer structures, which share similarities with cymbals in terms of rotational symmetry and angled arch geometries, have demonstrated the potential for dual-sided radial displacement. Recent studies have shown that crinkle washers can induce force redirection in both on both parallel faces, offering a pathway to more compact and efficient stacking (Crawley and Luo, 2023). However, research on crinkle washers for piezoelectric energy harvesting remains limited.
This work investigates the geometric and mechanical optimisation of crinkle washer structures to improve piezoelectric energy harvesting. Parametric analysis of various design iterations evaluates the electromechanical response of piezoelectric discs under smaller compressive loads, aiming to maximise energy conversion efficiency and power density. The optimised hyperbolic paraboloid washer significantly enhances dual face radial tensile stress and charge output over conventional crinkle washer designs. This dual sided radial-deformation washer mechanism enables more compact, efficient, and simpler energy harvesting systems by reducing dead space, easing fabrication, and improving overall performance. The remaining part of the paper is organised as follows: the Methods section presents the modelling, simulation, and design optimisation; the Results section discusses the performance analysis; and the paper concludes with a summary of the findings and directions for future work.
METHODOLOGY
Multiphysics software is used to set up a simulation to study the structural and electro potential characteristics. The crinkle washer is sandwiched between two metal cylindrical metal plates of Ø = 22 mm, each with Ø = 20 mm cylindrical piezo discs at 1 mm thickness (Figure 1A). The metal plates are bounded on the cylindrical face to prevent misalignment, and the crinkle washer is set up with contact faces for simulation deformation into the piezo disc. A 1000 N/m2 force is then applied to the top plate using the equation F=1000×sinπt resulting in a total maximum force of 0.38 N; the bottom plate is a fixed boundary. Simulating with a smaller force was used to decrease simulation time and complexity and to focus the optimisation experiments on the washer design. The 3D crinkle structure can easily be redesigned to analyse the characteristics of each structure under force loading. Stress distribution and electro potential are good indicators of how the structure is interacting with the piezo and using the feedback from the simulations, it provides a starting place to iterate the design. Previous research has shown how the inner radius of the cymbal and the crinkle concentrate force (Red zones); by decreasing this stress build up, the structure is freer to expand radially and thus increasing radial stress and displacement of the piezo face and increase energy transduction. Open circuit voltage can be calculated using the equations below, altering the piezoelectric voltage constant (g33) of PZT 5A from 23.2 × 10-3 Vm/N.
V=−g33h T
[image: Crinkle washer simulation setup and results are presented in a multi-panel layout. Panel A describes the schematic for the simulation setup. Panels B to I present various simulation results with adjustments to thickness, inner diameter, height, wave number, and angle. Each panel includes 3D model images and graphs depicting simulation voltages under the adjustments. The graphs compare different configurations, illustrating changes in performance metrics like voltage response over time.]FIGURE 1 | Crinkle Structural Simulations 1-15 and Energy Harvested in Capacitors C1 and C2. (A) Crinkle washer and electronics schematic and technical dimensions. (B) Adjusted thickness: simulated structural stress and voltage stored. (C) Adjusted inner diameter: simulated structural stress and voltage stored. (D) Adjusted height: simulated structural stress and voltage stored. (E) Adjusted wave number: simulated structural stress and voltage stored. (F) Adjusted radii angle: simulated structural stress and voltage stored. (G) Removed interior waves: simulated structural stress and voltage stored. (H) Hyperbolic paraboloid with central stress concentration: simulated structural stress and voltage stored. (I) Hyperbolic paraboloid with central stress concentration at 5N: simulated structural stress and voltage stored.V = Voltage, g33 = Piezoelectric voltage constant (Vm/N), h =Height of the piezo element (m), T = Force over area (m2) or pressure applied on the surface of the piezo (N/m2) (APC International Ltd, 2011).
The crinkle washer also creates tensile radial stress (g31) at −11 × 10−3 Vm/N, which can be substituted into the equation above. But the real open voltage will be a combination of both constants.
We=1−k332C0V2/2
We = Electrical Energy (j), k33 = Coupling Factor, C0 = Piezo element capacitance (F), V = Voltage (APC International Ltd, 2011).
To standardise the simulations a 3-wave crinkle was turned into a 3D model to use as a baseline for the simulations (Figure 1B - Simulation 2). From there, characteristic iterations were created logically to test their impact on mechanical to electrical transduction.
The simulation dimension variables can be found in Table 1. The table shows the dimension steps taken and refer to the crinkle washer dimensions during 3D design.
TABLE 1 | Simulation variables.	Crinkle simulation	Thickness (mm)	Inner diameter (mm)	Height (mm)	Waves	Outer diameter (mm)
	1	0.25	10.5	1.7	3	19.6
	2	0.55	10.5	1.7	3	19.6
	3	1	10.5	1.7	3	19.6
	4	0.55	5.5	1.7	3	19.6
	5	0.55	15.5	1.7	3	19.6
	6	0.55	10.5	0.7	3	19.6
	7	0.55	10.5	2.7	3	19.6
	8	0.55	10.5	1.7	2	19.6
	9	0.55	10.5	1.7	4	19.6
	10	0.55	10.5	1.7	3	19.6
	11	0.55	10.5	1.7	3	19.6


[image: ]Changing parameter.
The simulations are set up to observe the relationship of separate variables with piezo electric energy production. All the simulations use the same configuration as to compare against the commercially available crinkle washer: Simulation 2. The first simulations 1-3 are to examine the effect of thickness change. Simulations 4-5 are varying the inner diameter of the crinkle washer. Simulations 6-7 are to demonstrate the change in height of the washer. Simulations 8-9 are to examine how the number of waves influences energy output. Simulations 10-11 are to changing the slope between the inner and outer radius of the spring. Simulations 12-14 are the result of combining the most beneficial features together.
The theoretical circuit in the COMSOL simulation uses 2 full bridge rectifier diode configurations for each piezo disc with 2 individual capacitors C1 & C2. The simulation structure is set up to use thick metal backing plates to prevent bending deformation and is in a cylindrical boundary to mimic external housing of the energy harvester device (Figure 1A).
RESULTS
The resultant capacitor (C1 & C2) voltages of the simulations:1-13 can be found in Table 2.
TABLE 2 | Simulation results.	Simulation	Capacitor 1 (max mV)	Capacitor 2 (max mV)
	1	0.0125	0.0112
	2	0.0106	0.0095
	3	0.0052	0.0049
	4	0.0037	0.0036
	5	0.0425	0.0377
	6	0.0022	0.0022
	7	0.0076	0.0069
	8	0.028	0.0334
	9	0.0051	0.0055
	10	0.071	0.082
	11	0.0026	0.0030
	12	0.88639	1.127
	13	0.1229	0.1309
	14	16.03	19.77
	15	2,081.031	2,191.889


Crinkle thickness testing
The results of the simulation (Figure 1B - Simulation 1–3) demonstrated that the thicker the crinkle became the higher the spring constant, and the less it deflected. The less radial deflection resulted in less electrical energy is produced and stored in the capacitors. Noticeably, there is stress concentrations on the inner circumference that was in all 3 thickness tests. Thickness is a simpler design variable during manufacture that can be changed and optimised depending on size of incoming compressive load.
Crinkle inner diameter simulation
Increasing the inner diameter resulted in a noticeable energy increase, (Figure 1C - Simulation 4–5). There were also less high-stress concentration areas on the inner diameter edges of the crinkle waves. Less stress meant better deformation and more radial deformation, which improved electrical energy generation. The loss of material in the centre of the washer would increase open space in the energy harvester which is not ideal for power density and usage of volume, it also creates an area in which the piezo could deform into and increase the chance of disc failure.
Crinkle height simulations
The height simulation results (Figure 1D - Simulation 6–7), show that increasing and decreasing the crinkle washer height causes a negative impact on energy production. The height range 0.7–2.7 mm in which these simulations ran between might have been too large to encompass any peak points at which this washer is at optimal performance; further iterations would be required to get a clearer understanding. Increasing height would increase the length of curvature in the inner and outer diameter bends and this would increase radial expansion length, but it would also decrease curvature radius and lead to a stiffer washer, which would negatively affect the mechanical to electric transduction in the piezoelectric disc.
Crinkle wave simulations
The wave simulations (Figure 1E - Simulation 8–9), show that the less waves in the crinkle circumference, the more energy produced. 2 waves produced a higher electrical yield than 3 & 4 waves, producing 0.03 mV compared to 3 waves 0.01 mV. With increased waves, the wave bend radii decreases and thus the structure get stiffer which prevents radial expansion. In reverse, 2 waves are smaller crinkle washer can be before resembling a disc spring and resembles a bridge structure well known for radial tensile deflection.
Crinkle inner radia simulations
The Inner Radia simulations (Figure 1F - Simulation 10–11) indicate that the removing the inner radius from touching the piezo disc vastly increases electrical generation, as the deformation is shifter outwards. When the angle is tilted in the direction where the inner radius is solely touching the piezo disc, the stress is concentrated decreasing the power produced in the piezo.
Observations
In the simulations various parameters such as thickness, number of waves, height, and inner diameter were adjusted to evaluate their impact on energy production when two piezoelectric discs were coupled on each face of a crinkle washer. Across nearly all crinkle washer simulations, a consistent stress pattern emerged at the inner diameter. However, this stress pattern was less pronounced in one case (Figure 1C - Simulation 5), where the inner diameter was significantly larger, thereby increasing the curvature radius of the inner bends.
When compared to disc spring or cymbal washers, it is evident that the angle toward the centre of these discs is the primary mechanism generating surface level radial tensile stress. In contrast, the crinkle washer, characterized by its radial waves, also relies on this mechanism at a different angle. By introducing an angle between the outer and inner radii, it is possible to merge the geometries of both the crinkle and cymbal washers. This could lead to the development of a novel combined wave-cymbal design, which offers several advantages: double-faced piezoelectric activation, is a single – improving part compactness, and enhanced energy generation and power density.
Optimised crinkle simulation
Based on the simulation results, the most significant energy increases were observed in Simulations 1, 5, and 9. These findings suggest that a crinkle washer design with a thinner profile, increased internal diameter, reduced internal stress, and fewer waves would create a higher performance in energy generation. However, this design also increases the open dead space inside the body by decreasing the number of waves and thus total length of circumference of the crinkled washer.
To address this, decreasing the inner wave edge height on both the upper and lower faces of the crinkle washer could effectively reduce internal contact stress and shift the deformation toward the edges. This adjustment would help optimize the washer’s performance by focusing the mechanical deformation in areas that maximize energy transfer, while also minimizing the impact of dead space.
The redesign (Figure 1G - Simulations 12–13) results indicate that by removing contact of the inner radius of the crinkle washer drastically improves energy generation resulting in a voltage of 0.082 mV compared to 0.011 mV from the standard crinkle washer. This is a near 60 times energy improvement over the standard crinkle washer. Sloping the angle outwards (increased angle) led to energy loss.
The 2-wave version (Figure 1G - Simulation 12 and 13) of this design begins to look like a hyperbolic paraboloid (Pringle crisps being a real-life example) and in the simulation, the result produces a higher voltage with Capacitor 1 (C1) charging to 1.13 mV and Capacitor 2 (C2) to 0.89 mV. Keeping the design close to the original crinkle parameters, the suspended centre has a 0.5 mm difference to the highest points on both sides. The overall height of the washer remains 1.7 mm with a diameter of 19.6 mm. In comparison to the commercial crinkle, the inner bends are no longer in contact with the piezoelectric discs which are responsible for concentrating stress as depicted in Figure 1B – simulation 2. The 2-wave design also allows for the largest curvature between raised points decreasing required bending force of the washer. Further refinements of the washer (Figure 1H) then demonstrate removing material and introducing a taper – thinning towards the edges centralises the stress and allows the outer edges to deform leading to a larger performance boost to voltages to 19.77 mv and 16.03 mV. Increasing the load to a peak of 5N (Figure 1I - Simulation 15) was performed to understand the structural response of the washer as it flattens further, with the electrical performance now having usable voltages stored in the capacitors, Capacitor 1 reaching 2.08 V and Capacitor 2 reaching 2.19 V. Scaling the deformation to exaggerate the washer behaviour shows further flattening of the hyperbolic paraboloid with the curvature in the individual arms still to be flattened and expanded.
The hyperbolic paraboloid design is one that has been used by structural architects and engineers because off the stiffness and ability to absorb force into deformation (Ortega and Robles, 2003; Maeng and Hoon Hyun, 2020). The design can be likened to the disc spring when mirrored as seen in an earlier figure but integrated into a singular spring but uses a double curvature that is intersecting at the centre (Li et al., 2023). The internal radius is removed, and all the force is concentrated into the dead centre of the structure, assuming the washer is perfectly balanced.
In previous experiments using crinkle washers with ceramic piezoelectric discs under very high force loads and rapid accelerations of up to 2000 N for the study in high velocity and shock scenarios (Crawley and Luo, 2023), disc failure was more likely due to several key material and structural factors. Piezo ceramics are inherently brittle material that prefer compressive forces and can be broken by any uneven loads of surface defects. Unlike disc springs or Belleville washers, which distribute force more uniformly and have a smaller inner diameter, crinkle washers allow non uniform material deformation that increases the risk of damage. In earlier tests, the use of a silicone sublayer caused the material to bulge through the central opening during spring flattening, leading to bending and fracture of the piezoelectric disc. Additionally, crinkle washers - depending on size - can undergo significant radial deformation. If this exceeds the maximum lateral tensile stress of the piezoelectric disc, failure occurs; however, this can be mitigated through careful spring design and the use of a radial housing to support the disc.
CONCLUSION
This study used Multiphysics simulations to optimise the electromechanical performance of a crinkle washer & piezoelectric disc configuration under linear compressive loading. A commercially available crinkle washer served as the baseline, producing a maximum simulated output of 0.1 mV. Parametric optimisation revealed that adjusting geometric and mechanical parameters could significantly enhance performance, with the optimised design achieving a maximum output of 1.13 mV, an order of magnitude improvement over the baseline, and then further to 19.77 mv and 16.03 mV by introducing radial cuts to remove material that would otherwise absorb spring energy.
The optimisation process led to the development of a novel hyperbolic paraboloid structure, which eliminates stress accumulation at the inner radius observed in all crinkle washer simulations. This double-curvature architecture concentrated stress centrally while enhancing radial tensile stress, particularly when configured as a sandwich between two piezoelectric discs.
Initial prototyping attempts via additive manufacturing were unsuccessful due to dimensional inaccuracies, warping, and weak interlayer adhesion, highlighting manufacturing challenges. Current fabrication methods—lithography, etching, stamping, or additive manufacturing—remain cost-prohibitive for small-scale production, though economies of scale may make industrial production viable.
Overall, these findings demonstrate that washer-based structures can generate radial tensile stresses during lower force compression at lower accelerations than previously reported (Crawley and Luo, 2023). The optimised design shows strong potential to increase the power density of piezoelectric energy harvesters, extending beyond conventional cymbal configurations to a compact structure capable of efficient bidirectional operation, but overcoming material structural fragility of ceramics would be required to create higher force capable and more reliable piezoceramic energy harvesters. Other materials could be considered such as single crystal piezoelectric elements that are less brittle. Using piezoelectric arrays per area to decrease the forces concentrated on individual harvesters could allow for the use of more brittle materials.
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