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Energy-absorbing materials are widely used under certain high-frequency scenarios, such as cargo packaging or sport protection. Though
negative stiffness mechanical metamaterials have many distinctive advantages, fairly low strength and poor specific energy absorption
unfortunately limit their present industrial applications. Inspired by the excellent cushioning performance of the paw pads of mammals,
a novel flexible energy-absorbing negative stiffness mechanical metamaterial is proposed in this paper. Results show that the presented
metamaterial outperforms traditional packaging materials with respect to cushion performance. Moreover, a performance programming
strategy is proposed to achieve multistage tuning between large energy absorption and high rebound properties.

1 Introduction

Mechanical metamaterials are man-made by principle and possess distinctive characteristics compared
to traditional materials [1–10]. Their properties mainly depend on their architecture rather than on
their chemical composition [11–16]. A considerable number of mechanical metamaterial papers have been
published during the last two decades. The research objectives of these studies include negative meta-
materials (e.g. negative Poisson’s ratio [17–21], negative stiffness [22–25], and negative compressibility
metamaterials [26–29] etc.), ultra-property metamaterials [30], programmable metamaterials [31–35], and
origami-based metamaterials [36,37]. As one of the most often considered topic, negative stiffness mechan-
ical metamaterials (NSMM) show great prospects in various fields, such as elastic wave control [38–46],
energy absorption [47–49], advanced actuators [50, 51], and medical implants [52]. When applied to en-
ergy absorption, NSMMs possess numerous advantages, including tailorable and high energy absorption
efficiency, complete reversibility, as well as a manageable impact response threshold [14]. However, there
remain fatal flaws in their properties, i.e. fairly low strength and specific energy absorption [53]. Recently,
attention has been paid to solving these issues. Some multi-stable metamaterials can indeed outperform
micro-lattices with substantial recoverability [48] and can even approach the performance of rigid foams
regarding specific energy absorption [54]. These trials, however, enhance mechanical properties at the ex-
pense of the other characteristics of NSMMs. Actually, few typical NSMMs possess a mechanical response
similar to commercial energy absorbing materials, such as foams, which implies that NSMMs can hardly be
applied in fields such as car crash cushions or aircraft landing buffers, which have serious requirement for
specific energy absorption. In the fields of sports and packing, however, the soft and reversible properties
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of NSMMs seem quite suitable for the protection of the body of athletes and for the packing of delicate
goods [14].

Figure 1: (A) A dog and its paw (image courtesy of Qinghua Wu and Guangbo Liu). (b) Scanning electron microscope images
of a dog’s stratified epithelium (sagittal section), and it simplified structure [55]. (c) Scanning electron microscope images
of a dog’s stratified epithelium (transverse section) [55]. (d) Structural diagram of presented negative stiffness mechanical
metamaterial, unit cells, and its deformation mode.

Materials for sports protection and packing should adapt well to irregular shapes, in order to wrap the
protected objects [56]. Although most NSMMs have low stiffness and strength, the supports used to
limit the buckling elements’ boundary are rigid, making them hardly foldable and reducing their shape
adaptability. In this study, inspired by the internal structure of the pads of mammals (cats and dogs),
we design and demonstrate a novel NSMM with improved shape adaptability and programmable energy
dissipation properties.

As a result of long-term evolution and natural selection, most mammals have evolved paw pads, and
some, such as dogs and cats, possess good ability to run and jump owing to paw pads excellent cushion
performance. These paw pads are usually flexible and have a macroscopic convex shape, as illustrated in
Fig. 1(a). In addition to the stratum corneum (SC) layer, the convex pad is mainly composed of a stratified
epithelium (SE) layer, a dermis layer and a subcutaneous layer. The structure of the SE layer is similar to a
honeycomb structure, as observed from the side and section views in Fig. 1(b) and (c) [55]. The combined
effect of the dermis and the subcutaneous layers can be regarded as a hydro-static system, or flowable filler.
One end of the honeycomb structure is sealed by cone-like shells, as also shown in Fig. 1(b) [55]. The
whole pad can be simplified to a periodic structure, as shown in the dotted box. Under the combined effect
of the cone-like shells, the honeycomb-like structure and the flowable filler, paw pads exhibit remarkable
cushion performance. Inspired by the periodic shell-like structure of the paw pads, we array a conical shell
element along three different directions to construct the negative stiffness mechanical metamaterial shown
at the top of Fig. 1(d). The close-up view illustrates that two connected shell elements form a cavity and
that the enclosed atmosphere enables the tuning of the mechanical response of the solid structure, similar
to the combination of dermis and subcutaneous layers. For specific geometric parameters (h, L and t), the
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conical shell element exhibits both negative stiffness and bi-stable behavior. Owing to the constraint on the
self Hoop stress, these properties are independent of the rigid boundary support. Therefore, the proposed
mechanical metamaterial retains almost all advantages of NSMMs while in addition being tunable and
easier to fold.

2 Results and discussion

Owing to its structural characteristics, the proposed negative stiffness metamaterial bends and folds more
easily than traditional NSMMs, as demonstrated in Fig. 2(a). This characteristics can be useful for the
protection of athletes, especially in some high confrontation sports, such as football or basketball, and it
can significantly reduce injuries caused by impacts.

Figure 2: (a) Demonstration of folding of proposed metamaterials. (b) Mechanical response of single layer structure (the
colored shadow represents errors in the experiment). Panel (c) and panel (d) present the mechanical response of the negative
stiffness mechanical metamaterials with h = 3 mm and h = 5 mm, respectively. (e) Multi-stable behavior demonstration.
(f) Experimental and numerical deformation processes of the metamaterial under compression. (g) Ranges of the structural
parameters for different mechanical behaviors, including mono-stable, bistable, and pseudo-bistable: simulation (left) and
experiment (right). (h) Relationship between buckling (peak) forces and structure parameters.

The single layer NSMM samples depicted in Fig. 2(a) were additively manufactured and tested. The main
structural parameters of the samples are listed in the supplementary file. Their mechanical response, as
plotted in Fig. 2(b), features the typical characteristics of traditional negative stiffness elements. Results
from experiment and finite element analysis (FEA) primarily reveal the relationship between the arch
height h and the response of the unit cell, that is, the stiffness and the strength of the latter increase with
the arch height. Moreover, FEA results match well with experimental results. Compression tests were also
conducted. Further NSMM samples were constructed by stacking the single layer structures, with the layer
number n equaling 4 here. The presented NSMMs (with either h = 3 mm or h = 5 mm) both show the
typical serrated response of traditional NSMMs. The periodic serration, as Fig. 2(c) shows, is dominantly
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related to the layer-by-layer gradual collapse of multi-layer NSMMs. The selected video frames in Fig. 2(f)
confirm this observation. Regarding both mechanical response and deformation process, simulation results
are in good agreement with experimental results for all samples. As illustrated by Fig. 2(e), the presented
NSMMs possess a multi-stable behavior for specific structural parameters. Although the force response in
Fig. 2(d) does not conform exactly to the response characteristics of multistable metamaterials, i.e., the
valley force cannot exceed zero, it still exhibits a pseudo multistable [57] state that is due to the viscoelastic
properties of the base material of the structure.

The geometric parameter ranges for positive stiffness, for monostable negative stiffness, for pseudo bistable
and bistable behaviors were investigated by FE orthogonal analysis and were further verified by experi-
mental methods. The bistable region and the monostable region are determined from the numerical valley
response. However, there always exists a pseudo bistable region in the monostable region. We identify this
region through experimental methods. The corresponding results are shown in Fig. 2(g). The parametric
boundaries between different response regions are obtained through experiments, as plotted in the right
panel. Details of the experiments and of FEA are given in the supplementary file. The critical bound-
aries obtained from experiments and simulations match well. The critical boundary between the pseudo
bistable and the mono-stable negative stiffness regions is also determined. The main difference between
both regions is that a pseudo bistable structure will automatically return to its initial state after a certain
time, whereas a mono-stable negative stiffness structure recovers immediately. According to the responses
associated with different parametric regions, the structural parameters can be selected to satisfy specific
requirements. The relationship between structural parameters and peak response was also studied. As
shown in Fig. 2(h), the peak force increases with ratios h/L and t/L. The valley value decreases with h/L
but increases with t/L.

So far, we have introduced the basic mechanical response characteristics of the proposed materials. Further
investigations of their energy absorption and dissipation are conducted in the following. Results are
summarized in Fig. 3. The proposed NSMMs are compared with typical traditional energy-absorbing
materials, i.e. the air bubble film, air bubble column and the sponge. More details regarding the results
of the comparative analysis can be found in the supplementary files. As a whole, the comparison indicates
that the proposed NSMMs exhibit better energy absorption and dissipation than the air bubble film and
the air bubble column. The specific energy absorption and dissipation of NSMMs further approach and
even overcome those of the sponge material. In order to reflect intuitively the performance of energy-
absorbing materials, impact experiments were conducted. The basic principle of the impact experiment is
to use a gravity driven impact plate to impact the samples and to collect the acceleration response of the
impact plate during the whole process, in order to analyze the cushion performance of the samples. The
supplementary file gives further details on the impact test. The impact responses of the proposed NSMMs
with different structural parameters are shown in the upper panel of Fig. 3(a). The impact responses of
the air bubble film and the sponge are shown in the lower panel. The presented acceleration responses have
been filtered. Details of the signal processing can be found in the supplementary file. It can be seen from
the responses that, like most traditional NSMMs, the acceleration response peak has an obvious response
threshold which can be adjusted by the structural parameters. The NSMM with arch height h = 5 mm
has significantly higher response threshold than that with arch height h = 3 mm. For the air bubble films,
however thick or thin, the peak value of the acceleration response is almost proportional to the impact
height. For the sponge material, the peak acceleration response increases gradually but significantly with
impact energy.

The first and the second peaks of the acceleration responses for different structures at different impact
height are extracted and compared. The first peak and the second peak are shown in the left and the
right sides of Fig. 3(d) respectively. It can be seen that for all structures the first acceleration response
peak increases with impact height, i.e. with impact energy. However, the acceleration response for the
proposed NSMMs remains almost unchanged as long as the impact height remains smaller than a critical
value. Moreover, the impact acceleration response of the NSMM is smaller than that of other traditional
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Figure 3: (a) Acceleration response to an impact plate impacting from different heights the proposed metamaterials, the thin
and thick air bubble films, and the sponge. (b) Video frames of the impact for the different materials. (c) Demonstration
experiment of a basketball released at a height of 1.7 m and impacting different materials, the minimum rebound indicates
the best cushion performance. (d) Acceleration response at the first (left side) and the second (right side) impact peaks of
response curves in (a). (e) Relative damping coefficient of above materials.
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structures. It should be noted that the volumes of these structures are consistent in this analysis, which
indicates that the proposed NSMM can achieve better cushion performance when interlocked in the same
filling space. The second acceleration peaks of the response are also compared. It can be seen that the
difference between the acceleration responses for the air bubble film and the NSMM increases, which
indicates that the sponge consumes less energy during the first impact loading and unloading. Therefore,
after rebound, the impact plate still has greater impact energy. The second response peak of the sponge
remains almost unchanged as the initial impact height increases. This is because the sponge can withstand
large structural deformation. In the initial impact loading and unloading process, the mechanical energy
consumed by the sponge is directly proportional to the input impact energy, thus the energy of the impact
plate changes by a small amount after rebound. The NSMM still has the effect of response suppression on
the second response peak, and it is observed that within a certain impact height range the second impact
peak even decreases with the initial impact height, as marked by the circle. If the impact energy is too
large during the first impact loading, the structure will enter the compact stage after the collapse of the
whole structure. The base material of the structure is rubber-like, therefore a large amount of energy is
dissipated during the process of extruding the deformed structure, resulting in a great reduction of energy
after the first cycle of the impact and further leading to the decrease of the second response peak. From the
comparison of the response results for each structure, it can be concluded that the NSMM has significant
advantages over the air bubble film and the sponge materials.

As shown in Fig. 3(e), materials are also compared quantitatively with respect to their relative damping
coefficient ζ calculated via the equation

ln η =
2πζ√
1− ζ2

, (1)

where η is the amplitude reduction factor. More details are given in the supplementary file. As can be
observed, the proposed NSMMs possess greater relative damping coefficient no matter how the impact
energy changes. The coefficient ζ for the air bubble film remains almost constant. The relative damping
coefficient of the sponge increases gradually with the impact energy, because the energy dissipation capacity
of the sponge depends significantly on the strain magnitude.

The video frames in Fig. 3(b) illustrate the impact experiments for all considered structures for selected
times. The whole response process can be divided into four stages: i) free fall of the impact plate, ii)
contact between plate and structure and deformation of the latter, iii) compacting of the structure, and
iv) rebound. The bottom part of Fig. 3(b) shows the rebound of the impact plate. It is observed that
the rebound of the impact plate is very small on the NSMM, especially in the case h = 5 mm for which
almost no rebound is observed. This is a direct demonstration of the cushion behavior and the energy
absorption performance of the NSMM. The demonstration experiment in Fig. 3(c) vividly illustrates these
properties: a basketball freely falls from a height of 1.7 m and impacts either the NSMM, the sponge or the
bubble film. The whole process as recorded by a high-speed camera illustrates that the basketball hardly
rebounds after impacting the NSMM, whereas it rebounds the highest when impacting the air bubble film.
The impact videos for the above tests are provided as supplementary materials.

In addition to the aforementioned characteristics, the proposed NSMM also has another advantage over
traditional energy absorbing materials, that is, programmability. Although inspired initially by the paw
pads of mamals, the mechanical properties of the proposed NSMM can be programmed by adjusting the
internal air pressure. The structure is constructed by arranging truncated conical NS shell elements in a
two-dimensional plane and connecting them in series vertically. Through design of a distribution of orifices,
air between the units in series can flow freely vertically, whereas it cannot move between units connected
in the plane. Therefore, the air pressure between units in series is dynamically balanced and can be set
independently of adjacent units. Fig. 4(a) specifically illustrates the programming of alternated high and
atmospheric pressure blocks. Of course, the illustration is only for a specific program setting. In addition
to the above scheme (referred to as scheme 1), it is equally feasible to remove orifices between cells in
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Figure 4: (a) Two programming schemes. In the scheme depicted on the left (scheme 1), air between units in series can
flow freely through orifices but cannot move between units connected in the same plane. The internal pressure can be
set independently for each set of units, for instance to high or atmospheric pressure. In the scheme depicted on the right
(scheme 2), air between units in same plane can flow freely through orifices but not vertically. The internal pressure of
each layer is independent. Panel (b) illustrates that the response of negative stiffness elements differs with or without high
internal pressure. Under high internal pressure energy dissipation is at a minimum and the rebound is large, whereas under
low internal pressure energy dissipation is large and the rebound is minimal. (c) Stacking several metamaterial planes,
multi-stage tuning of energy dissipation and rebound is achieved in principle. (d) Proof of such multi-stage tuning through
numerical simulations.
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series and to add orifices between horizontally connected cells instead (which his referred to as scheme
2). This way, the air pressure in each cell in a given horizontal plane is in dynamical balance and can be
programmed using an air pump.

As is well known, when a negative stiffness element is connected in parallel with a spring with large positive
stiffness, the combined structure eventually exhibits a positive stiffness. For the NSMM considered in this
paper, when the internal air pressure reaches a certain value, the negative stiffness property disappears.
When negative stiffness elements with high air pressure are connected in series, the combination is close
to the connection of multiple positive stiffness structures in series. In this limit, the snap-through and
the snap-back of the structure both disappear, the loading and unloading responses coincide, and there
is no energy dissipation during the loading-unloading process, as illustrated by Fig. 4(b). In contrast,
in the limit of low internal air pressure, the snap-through and snap-back behaviors result in a hysteretic
response with a large envelope area, since the number of cells connected in series increases. Hence, the
structure exhibits large energy dissipation. If all parts in series or layers of the structure in Fig. 4(a) have
high internal pressure, as shown in the right corner of Fig. 4(b), its energy dissipation capacity is low
and an impacting ball would rebound neatly. Conversely, if all parts in series or layers shown in Fig. 4(a)
are under atmospheric pressure, the structure can absorb and dissipate energy due to snap-back behavior
or multistability. Hence, the rebound of an impacting ball would be much smaller, as also shown in the
right corner of the figure, and the structure has good cushioning performance. It is worth noting that the
first scheme is not applicable with the proposed NSMM because there is a shear force exerted between
the horizontally connected cells and the series structure without snap-back behavior affects the part with
snap-back behavior.

The above reasoning suggests using the second scheme to tune the performance of the NSMM. Based on
scheme 2, indeed, the structure can be programmed as a high rebound material without energy dissipation,
as shown in figure 4(c). Increasing the number of layers under atmospheric pressure, energy dissipation is
alternatively improved. The NSMM hence has multi-level adjustable performance and a trade-off between
high rebound and high energy absorption can be obtained by digital adjustment. For a structure with
n cells in series, and assuming that the number of cells in series that realize snap-back is s, the number
of the available states is n − s. Energy absorbing materials are widely used in daily life. For example,
running shoes with a high rebound midsole can improve running performance but cause great damage to
athletes’ knees. Running shoes with a high energy absorption midsole can protect athletes well and feel
more comfortable, but they do not improve running speed. The programmable NSMM proposed in this
paper can be digitally adjusted to trade-off between energy dissipation and rebound, so that the material
can be tuned to satisfy practical needs. The programming strategy illustrated in Fig. 4(c) was validated
through numerical simulation and the results are plotted in Fig. 4(d). As reflected by the nephogram,
layers with high internal pressure show a certain stress in the initial state. The energy dissipation capacity
increases gradually as the number of pressurized layers decreases.

3 Conclusion

Inspired by the excellent cushion performance of the paw pads of mamals, a novel NSMM suitable for
cargo packaging and sports protection was presented. The static and dynamic mechanical properties were
comprehensively investigated and analyzed though a combination of experiments, numerical simulations,
and theoretical methods. The results demonstrate that the proposed NSMM not only possesses better
energy absorption and dissipation properties than traditional packaging materials, but that it also possesses
many of the remarkable characteristics of traditional NSMMs, such as multistability, snap-through, snap-
back and so on. Owing to the special architecture of the cell element, the NSMM bends and folds more
easily than traditional beam negative stiffness structures, which is conducive to its application in the
fields of packaging and sports protection. In addition, taking advantage of the intrinsic sealing property
of the structure, a simple scheme was proposed to realize multistage regulation of energy absorption via
air pressure programming. This scheme allows multistage switching of the NSMM between high energy
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absorption and high rebound. Besides, it can also be a reference for the design of a tunable vibration
isolator. Such a mechanism is indeed universal to all NSMMs.

There remain, however, some limitations in this study. Because of the complex architecture of the NSMM,
integrated 3D printing technology can not be employed here, resulting in the complex preparation process
of this paper. Also limited by the current preparation process and cost, this study does not further explore
the role of structural scale in improving material properties. In my opinion, the ideal state of the proposed
NSMM in this paper is a kind of material close to the air bubble film, which has many characteristics of
negative stiffness metamaterials, meanwhile, is very light mass and requires simple manufacturing process.
This goal is promising to be infinitely close in the later stage through topology optimization and parameter
analysis.

4 Experimental Section

Design: The key part of the unit cell of the presented NSMM is a truncated conical shell. The bottom of
the conical shell is locked in a square frame structure and a cylindrical top part is added for facilitating
the formation of the periodic array and the connection of cells. Based on the periodic array of unit cells,
the NSMM can be obtained. The cell element can be described by several main parameters, thickness of
the shell element, t, height of the shell element, h, outer radius, L, and internal diameter, d. The Orifices
shown in Fig. 1(d) can be positioned around the side of each cell element and inside the top column
supporting air fluid flow. The setting of the distribution of orifices is very important for the programming
of material properties and can be adjusted according to specific requirements.

Sample fabrication: A cavity type structure is hardly fabricated with conventional commercial additive
manufacturing technology, such as FDM (Fused Deposition Modeling) or SLS (selective laser sintering).
AS a result, the gel-casting method was employed here. The single layer structures were fabricated with the
gel-casting method first, before being assembled and glued together. The mold for gel-casting was printed
firstly through SLA (Stereo Lithography Apparatus). Injecting the casting urethane elastomer, pre-heated
at 50, into the mold, and then demold after 24h at 70 [58, 59]. The base material is Thermoplastic
Polyurethane (TPU) whose basic properties were tested according to the ASTM D638-14 standard (more
details are given in the supplementary material).

Numerical simulation: In Fig. 2(b-d), the numerical responses are all simulated through the commercial
software ABAQUS. Considering that the NSMM is periodic and has a complicated structure, periodic
boundary conditions are employed. In Fig. 2(g-h), a large number of numerical calculations have been
conducted on different cell elements. Here, Python was applied to build the finite element models of the
cell and to run the calculation program. In Fig. 4(d), the influence of the air pressure on the energy
dissipation capacity of the NSMM is demonstrated through numerical simulation. Here, the air pressure
in the cavity was introduced through the interaction property Fluid cavity in ABAQUS [59].

Properties testing: Quasi-static compression tests, impact tests and some demonstration experiments are
conducted to characterize the NSMM’s mechanical properties. The Universal testing machine (INSTRON
5569) was employed to implement quasi-static compression. Impact tests and demonstration experiments
are realized with the homemade setups (more details can be found in the supplementary material).

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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