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Abstract: Falls and subsequent complications are major contributors to morbidity and mortality, 
especially in older adults. To address this problem, we aimed to develop a lightweight, dynamic 
device to increase friction between the shoe and the walking surface that is effective across a range 
of surfaces, particularly ice. Inspired by claws and scales found in nature, we developed a range 
of kirigami structures that could be applied to footwear outsoles to generate higher friction forces 
in the forefoot. We evaluated those metasurfaces through numerical simulations, in vitro surface 
interaction, and in vivo human force plate measurement to identify optimal kirigami designs 
capable of modulating friction across a range of surfaces. We anticipate the potential application 
of these systems could help mitigate the risk of falls in a range of environments. 
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Falls are a common health problem with a tremendous impact on morbidity and mortality. Falls 
are ranked as the first leading cause of death for older adults1 and the second leading cause of 
occupational-related deaths2. Musculoskeletal injuries associated with falls include hip fractures, 
which dramatically increase morbidity and mortality in older adults: nearly half of the patients 
with hip fractures are unable to return to living independently3, and mortality rates twelve months 
after hip fracture are 12-37%4-7. Moreover, the direct costs of fatal and non-fatal falls are estimated 
to be greater than $64 billion per year in the United States8-10. Considering the dangers and costs 
associated with fall injuries, particularly for high frequency work injuries involving ice11, there 
have been efforts to understand and prevent slips and falls12–16, including evaluation of the impact 
of footwear technologies and the ways in which their basic properties (e.g., sole hardness) affect 
slip resistance15–20. Existing devices such as crampons and snow chains attach to the soles of shoes 
to increase grip, but protrude from the sole at all times and may be tedious to attach and detach. 
Thus, there is a need for lightweight, dynamic devices that can help prevent slips and falls through 
friction enhancement of footwear. 
 

Kirigami – the Japanese art of paper cutting – has become a powerful tool for developing 
highly flexible devices and transformable structures21–24. Kirigami surfaces are capable of 
buckling-induced shape transformation from flat sheets to 3D textured surfaces and have been 
employed in a broad range of applications including light manipulation25, energy harvesting26, 
wearable thermotherapy27, crawling locomotion28, flexible sensors and actuators29,30, stretchable 
bioprobes31, conductive nanocomposites32,33, and lithium-ion batteries34. Recently, the anisotropic 
friction of a kirigami skin enabled locomotion of a crawling soft robot28. Here, inspired by active 
friction control strategies in animals using claws and scales, yet recognizing the differences in their 
niches to where our systems would be applied, we report a kirigami-based assistive shoe grip to 
reduce the risks of slips and falls. We demonstrate the ability to dynamically modulate friction 
using highly stretchable lightweight kirigami patches comprising of steel sheets perforated with a 
periodic array of scale-like spikes. When stretched, the spikes buckle out, resulting in engagement 
with the surface in contact and a higher friction force. Through a combination of simulations and 
experiments, we carefully chose the perforation template such that the resulting spikes are stiff and 
buckle out at the largest possible angle of attack to maximize engagement of the kirigami grip with 
the contacting surface. These kirigami patches could serve as a new class of slip-resistant footwear 
add-ons, which can be tuned to enhance friction between the shoe and specific walking and 
working surfaces, thereby reducing the risk of slips and falls across many potentially hazardous 
environments. 
 

Nature is a rich source of inspiration for friction-enhancement designs. Fig. 1A shows 
examples of animals in nature that exploit dynamic modulation of friction for locomotion and 
gripping. These animals utilize anatomical structures and mechanisms to selectively and 
transiently increase friction on certain surfaces or in certain situations. For example, cheetahs have 
semi-retractable claws that increase friction when turning while chasing prey and climbing35. 
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Oxpeckers’ sharp claws point in opposing directions to provide a strong grip and stable positioning 
while riding on the backs of larger mammals ranging from cattle to rhinoceroses36. Snakes orient 
their scales to increase friction anisotropy and propel themselves forward in rectilinear37 and 
serpentine locomotion38. Inspired by these animals, we developed slip-resistant assistive kirigami 
grips that can be attached to the soles of the shoes. Fig. 1B shows the undeformed and deformed 
configurations of a steel kirigami shoe grip with concave spikes attached to the shoe soles. During 
walking, the bending of the shoe soles induces stretching in the patches and causes the spikes to 
buckle outward from the soles (Movie S1). Engagement of spikes with the walking surface results 
in a considerable change in the tribological behaviour of the shoes. The kirigami surfaces were 
engineered to undergo a reversible shape transformation from flat surfaces (corresponding to low 
friction) to 3D textured surfaces with popped-up spikes (corresponding to high friction). Kirigami 
patches allow similarly dynamic friction modulation by remaining flat when the wearer is standing 
still and transforming increase friction specifically during walking. The patches thereby improve 
resistance to slips and falls without the hassle or possible discomfort of obtrusive attachments. 

 

 
 
Fig 1. Kirigami shoe grip for dynamic modulation of friction and preventing slips and falls. (A) 
Inspiration from friction-enhancing strategies in animals: cheetah with semi-retractable claws35, oxpecker 
with sharp claws in opposing directions36, and snake with scales which are oriented to increase friction37. 
(B) Kirigami for friction modulation in footwear. Steel kirigami surfaces were attached to the shoe soles. 
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The undeformed and deformed configurations of the kirigami shoe grip are illustrated. Through changing 
in the curvature of the shoe soles during walking, the spikes are activated (shown in the magnified view) to 
actively enhance the frictional properties between the shoe sole and walking surface, and reduce the risk of 
slips and falls. 
 

Results  
Design of kirigami metasurfaces for dynamic friction modulation 

Our kirigami shoe grips are composed of a periodic array of needle-like spikes embedded in 
stainless steel sheets (with thickness 0.051 mm and Young’s modulus E=193 GPa, fig. S1). We 
considered three different shapes for the cuts with concave, triangle, and convex spikes. Note that 
for a given cut shape, each kirigami pattern is characterized by two design parameters: the cut 
angle (𝛾), and the dimensionless ratio (𝛿/𝑙) that defines the ratio between width of the ligaments 
separating the cuts (𝛿) and the characteristic length (𝑙) of the periodic lattice (see the inset in Fig. 
2B). By varying these two parameters, one can control the mechanical response of the kirigami 
patterns22,28. We then used non‐linear finite element (FE) analyses (see “Numerical simulations” 
in Methods) to identify a kirigami patch that exhibits larger tilting angle (𝜃) and higher out-of-
plane stiffness (𝐾33) for better engagement with the contacting surface while maintaining the 
actuated configuration of the kirigami patch under weight of the wearer. 
 

In Fig. 2A, we report the numerical snapshots of unit cells with concave (left), triangle 
(middle), and convex (right) shaped cuts when subjected to in-plane uniaxial strain 𝜀22. We find 
that for all three patterns the applied deformation triggers a buckling instability that induces the 
buckling and pop-up of the spikes. For 20o < 𝛾 < 60o and 0.05 < 𝛿/𝑙 < 0.2, we then monitored for 
each pattern the evolution of the out-of-plane tilting angle of the spikes (𝜃) as a function of the 
applied tensile strain 𝜀22. The data are reported in Fig. 2B demonstrating that the out-of-plane 
buckling results in an initial sharp increase in 𝜃, and then an increasing regime followed by a 
plateau at higher strains. For example, for triangle spikes with 𝛾 = 60o and 0.05 < 𝛿/𝑙 < 0.2, the 
tilting angle saturates at 𝜃 = 22o for 𝜀22 ≥ 0.1. The maximum of average local strains in the shoe 
soles induced by changing the sole’s curvature over a gait cycle (see the dashed line in fig. S2) is 
about 𝜀22 = 0.15. At this strain range, we selected 𝛾 = 30o as a good candidate for cutting angle 
to achieve maximum tilting angle (𝜃~30o) for all spike shapes (highlighted with blue dashed line 
in Fig. 2B).  
 

Next, we constructed FE models of kirigami surfaces with different spike shapes at 𝛾 = 30o 
and 𝛿/𝑙 = 0.05, 0.1, 0.15 which are first stretched up to a typical maximum shoe sole’s strain over 
a gait cycle (𝜀22 = 0.15) and then compressed in contact with a rigid plate to estimate the stiffness 
of spikes in the out-of-plane direction (𝐾33) (see “Numerical simulations” in Methods and Movie 
S2). The data are presented in Fig. 2C, which indicate that 𝛿/𝑙 = 0.15 results in maximum 𝐾33 
across different levels of in-plane strain 𝜀22 for all the shapes. Thus, having identified 𝛾 = 30o 
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and 𝛿/𝑙 = 0.15 as ideal design parameters, we investigated the effect of spike shape on friction 
enhancement. 

 

 
Fig 2. Mechanical characterization of the kirigami shoe grips with different spike shapes. (A) 
Numerical images showing the configurations of the kirigami unit cells with concave (left), triangle 
(middle), and convex (right) shapes at different levels of applied uniaxial strains, 𝜀22 = 0, and 0.15. The 
colors represent the distribution of max principal plastic strains. (B) The tilting angle of the spikes (𝜃) were 
plotted as a function of 𝜀22 for geometric design parameters 𝛾 and 𝛿/𝑙. The dashed lines correspond to 
𝜀22 = 0.15 (max average shoe sole’s strain over a gait cycle) and 𝜃~30o(maximum tilting angle). (C) 
Effect of 𝛿/𝑙 on the stiffness in 33-direction (𝐾33) of the kirigami spikes with concave, triangle, and convex 
shapes with 𝛾 =30o as a function of 𝜀22. 
 

In vitro mechanical characterization of kirigami shoe grips 

Fig. 3A shows the undeformed (𝜀22= 0) and buckled (𝜀22= 0.15) configurations of the 
fabricated steel kirigami patches with 𝛾 = 30o, 𝛿/𝑙 = 0.15, as well as concave, triangle, and 
convex spike shapes. These patches were manufactured by laser cutting stainless steel sheets (fig. 
S3 and see “Fabrication of the kirigami patches” in Methods). A custom-built friction testing set-
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up was retrofitted to a universal testing machine (Instron 5942 series) and used to evaluate the 
friction force between the kirigami prototypes and different surfaces (fig. S4 and “Friction testing” 
in Methods). 
 

In Fig. 3B, we reported the friction forces (𝐹𝑓) between kirigami (prestretched at 𝜀22 = 0.15) 
with different spike shapes and three common walking surfaces including ice (i.e., unmelted dry 
surface) (black solid lines), vinyl (blue solid lines), and hardwood (red solid lines) and compared 
the results with those measured for flat, spikeless steel control patches (dashed lines in Fig. 3B). 
The controls had the same thickness (0.051 mm) as the kirigami patches. Two primary friction 
responses were observed among all the patches and surfaces: (i) a smooth sliding in which the 
friction force starts with an initial peak (𝐹𝑠) followed by a plateau (𝐹𝑘), and (ii) a stick-slip response 
in which the friction force varies periodically between a maximum (𝐹𝑠) and minimum (𝐹𝑘) force, 
as schematically presented in the inset. The smooth sliding response was observed for hard 
surfaces such as wood and ice, where the kirigami spikes scratched against the surface with 
minimal penetration. The stick-slip response was observed for the semi-hard surface (vinyl), where 
the spikes appreciably penetrate the surface. Notably, the friction force-displacement curves for 
all the kirigami are greater than that of the flat spikeless control patches due to interactions 
(scratching or penetrating, confirmed by observing the surfaces after the tests) between the spikes 
and various surfaces, demonstrating the effectiveness of the kirigami patches in increasing sliding 
resistance.  

 
Note that some degree of stick-slip friction was almost always observed between the kirigami 

and the test surfaces. For example, the triangle kirigami on ice exhibited a relatively low degree of 
stick-slip friction (black curve in Fig. 3B-middle), while almost all shapes on vinyl exhibited a 
pronounced degree of stick-slip friction (blue curves in Fig. 3B). This behavior is caused by 
penetration of the spikes into the test surfaces (stick events) resulting in static friction forces, 
followed by sharp drops caused by slip events when the force applied by the universal testing 
machine (equal to the friction force) is great enough to overcome the force of penetration and cause 
motion again. This is similar to plowing friction between a soft material and a harder one, where 
friction is caused by plowing asperities in the harder material through the softer one39. In our 
system, the kirigami spikes can be considered as very large asperities plowing through the softer 
surfaces such as vinyl. When the softer material accumulates at the tip of the spikes, the kirigami 
“sticks” until enough force is applied to fracture or slip over the accumulated material. However, 
plowing friction in general is not necessarily related to stick-slip friction; we mention plowing 
friction here more as an analog to the mechanism we believe is at play here. 
 

We further quantified the ability of the kirigami patches to enhance sliding friction by 
comparing the coefficients of friction of the three walking surfaces to a flat, spikeless control 
surface as shown in Fig. 3C. The static coefficient of friction (before a slip event), denoted by 𝜇𝑠, 
and kinetic coefficient of friction (during motion), denoted by 𝜇𝑘, were estimated using 𝜇𝑠 = 𝐹𝑠/𝐹𝑛 
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and 𝜇𝑘 = 𝐹𝑘/𝐹𝑛, where 𝐹𝑛 is the normal force acting on the patch. In the case of the smooth sliding, 
𝐹𝑠 is the peak friction force corresponds to static friction force that must be overcome before any 
sliding begins between two stationary surfaces, and 𝐹𝑘 is the average kinetic friction force when 
the surfaces are in relative motion during shearing. For the stick-slip response, the static friction 
force (𝐹𝑠) and kinetic friction force (𝐹𝑘) are the maximum and the minimum magnitude of the 
measured friction forces, respectively40, 41. 
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Fig 3. Friction enhancement of the kirigami shoe grips with various spike shapes and arrangements. 
(A) Experimental images showing the configurations of the fabricated steel kirigami patches (𝛾 =30o and 
𝛿/𝑙 =0.15) with concave (left), triangle (middle), and convex (right) shapes at 𝜀22 = 0 and 0.15. (B) 
Friction force (𝐹𝑓) is measured for the kirigami patches with different spike shapes (solid lines) and flat 
control patches (dashed lines) on ice (black), vinyl (blue), and hardwood (red) surfaces. 𝐹𝑠 and 𝐹𝑘 are the 
static and kinetic friction forces. (C) Static and dynamic coefficients of friction (𝜇𝑠 and 𝜇𝑘) experimentally 
measured between the kirigami patches prestretched at 𝜀22 = 0.15 with concave-, triangle-, and convex-
shaped spikes as well as flat control patches, and ice, vinyl, and hardwood surfaces. (D) Schematics of 
kirigami patches with different spikes arrangements including arrangement 1 (unidirectional in black), 
arrangement 2 (3-column in blue), arrangement 3 (alternating rows in purple), arrangement 4 (checker in 
green), and arrangement 5 (mirror in red). (E) Friction force vs. displacement response of the concave 
kirigami patches with different spike arrangements and flat control surfaces (orange), sliding on ice. (F) 
Effect of different spike arrangements on static and dynamic friction coefficients (𝜇𝑠 and 𝜇𝑘) are reported 
on the right. The different arrangements of the fabricated grips are shown in the inset. Data reported as 
mean ± standard deviation for 𝑛 = 3  measurements for each group. Two-sample 𝑡 tests were used to 
determine the significance. *P < 0.05, **P < 0.01, ***P < 0.001, and N.S. not significant (kirigami patch 
versus flat control surface for both 𝜇𝑠 and 𝜇𝑘).  
 

We summarized the results in Fig. 3C, demonstrating significant improvement in both 𝜇𝑠 and 
𝜇𝑘values for all the kirigami with various spike shapes compared with their respective controls 
(bare steel surfaces) across all the walking surfaces. This difference is especially dramatic in ice, 
where we see approximately an up to seven-fold enhancement in 𝜇𝑠 and fourteen-fold 
enhancement in 𝜇𝑘. Interestingly, the triangular spikes exhibit the lowest improvement although 
they have the largest out-of-plane stiffness (𝐾33 = 11 N/mm for 𝛿/𝑙 = 𝜀22 = 0.15 - see the middle 
heat map in Fig. 2C); while the convex (broad and stiff geometry) and concave spikes (very sharp 
tip) exhibit higher friction enhancement. Importantly, the concave spikes showed the best 
performance on ice in maximizing kinetic friction coefficient from 𝜇𝑘 = 0.020 to 0.285. Therefore, 
the concave spike was selected to manufacture the final kirigami prototypes and study the friction 
response of kirigami by arranging the spikes in different patterns and directions. 
 

Kirigami shoe grips with varying arrangements of spikes 

Next, the effect of spike arrangement on frictional properties of kirigami were experimentally 
investigated. We manufactured steel kirigami patches with five different spatial distributions of 
concave-shaped spikes including unidirectional (arrangement 1), 3-column (arrangement 2), 
alternating rows (arrangement 3), checker (arrangement 4), and mirror (arrangement 5), all 
illustrated in Fig. 3D and fig. S5. Similarly, we tested these by pulling the prestretched kirigami 
(𝜀22 = 0.15) on a test surface (see “Friction testing” in Methods). The friction force-displacement 
responses between the kirigami and ice with dry surface are presented in Fig. 3E. Interestingly, all 
the kirigami demonstrated enhanced frictional properties as compared to the control spikeless 
patch (orange dashed line), showing smooth sliding for ice (data for hardwood and vinyl surfaces 
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are presented in fig. S6). We also computed the friction coefficients for different kirigami 
arrangements, finding significant increases in 𝜇𝑠 (five-fold) and 𝜇𝑘 (fifteen-fold) on average for 
all the arrangements with respect to the control for ice (Fig. 3F). One could expect that the 
arrangement 1 should have the highest  𝜇𝑠 and 𝜇𝑘 values because all the spikes are pointing in the 
same direction, thereby dissipating the most possible energy for a fixed number of spikes because 
they should all be penetrating into the surface, yet this is not the case experimentally. This is due 
to a slight flattening of the spike tips as they are pressed against the surface, decreasing the ability 
of the forward-pointing spikes (i.e., pointing in the direction of displacement) to penetrate into the 
surface and making all arrangements have a similar friction response.  

 

In vivo human force plate measurement of friction with kirigami shoe grip 
To further support the capacity of the kirigami patches to modulate friction while walking, we 

conducted human gait experiments using a force plate. Three human subjects wore a kirigami 
patch on the soles of their shoes and walked across a force plate covered with a 1” thick layer of 
ice. Three orthogonal ground reaction forces exerted on the surface, 𝐹𝑥, 𝐹𝑦, and 𝐹𝑧, were 
concurrently recorded, illustrated in Fig. 4A (See “Experimental protocol for gait analysis (force 
plate test)” in Methods). The plot in Fig. 4A shows a typical gait response of walking over the first 
half of a gait cycle (i.e., stance phase that includes heel strike, support, and toe-off stages) in the 
x-direction. The response is characterized by a peak normal force in the z-direction, 𝐹𝑛 equal to 
the weight of the human subject, and a small peak friction force in the x-direction within the weight 
acceptance stage (i.e., braking force), followed by a peak friction force in the negative x-direction 
within the toe-off stage (i.e., propulsion force denoted by 𝐹𝑠)42,43.As expected, the force signal in 
the y-direction is approximately zero and negligible. Note that the kirigami shoe grips are 
designed to operate during the toe-off stage, where the bending of the shoes triggers the 
kirigami spikes to buckle out and engage with walking surfaces to increase friction. 

 
In Fig. 4B, the variation of reaction forces in x- and z-directions for human subject 1 wearing 

kirigami shoe grip (arrangement 1) and a control flat sheet, as well as sneakers with grip and felt 
soles are presented. 𝐹𝑛 ≅ 750 N is the weight of the participant, which was recorded almost 
identical among all the tests. However, the peak friction force (𝐹𝑠) has the highest value for the 
kirigami, and then it lowers for the sneakers and flat sheet, a signature of stronger friction 
enhancement of the kirigami shoe grip.   

 
Note that the gait experiment represents a much more complex and dynamic system (unlike 

the quasi-static experiments of Figs. 3 and 4) and as such, the 𝜇 values were interpreted as an 
effective measure of slip resistance when walking rather than a widely applicable property of two 
surfaces. We defined a utilized coefficient of friction, 𝜇, by normalizing the friction force with 
respect to the normal force, 𝜇 = 𝐹𝑠/𝐹𝑛. Five steel kirigami grips with different arrangements were 
evaluated in addition to a control flat sheet of the base material (Fig. 4C). Furthermore, 
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experiments using a 5° inclined ice surface (i.e., unmelted dry surface) mounted on the force 
plate were conducted to inform utilized coefficient of friction in this setting (see “Evaluation 
of utilized coefficient of friction on an inclined surface” in Supplementary Methods, and fig. S7). 
Additionally, gait evaluation was performed with a variety of commercial footwear ranging from 
winter boots to sneakers, loafers, and sandals with various tread groove patterns designed to 
increase the friction and provide a good grip to the person while walking with shoes (see the inset 
in Fig. 4C). Notably, all three human subjects exhibited average utilized friction coefficients in the 
range 0.22 < �̅� < 0.30 on flat ice for all the spike arrangements, which on average is ten times more 
than that of the flat steel controls (�̅� = 0.02), and twice as large as the textured steel controls (�̅� = 
0.10, purple column in Fig. 4C) and commercial shoes (�̅� = 0.12, grey column in Fig. 4C). The 
textured controls have the same thickness (0.051 mm) as the flat controls and kirigami patches 
(see “Fabrication of the kirigami patches” in Methods). The black columns are the experimental 
data recorded using the inclined surface, which represents the utilized coefficient of friction for 
the human subject 1 wearing steel kirigami patches with the varying arrangement of spikes on the 
soles of his shoes. The data show increased shear forces in t-direction for the inclined surface, 
results in growth between 10 to 20% in utilized friction coefficients with respect to the flat 
surfaces. These values were relatively consistent among all human subjects, supporting the ice-
gripping capacity of kirigami shoe grips through dynamic friction modulation. 
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Fig 4. Kirigami shoe grip-induced changes in utilized friction coefficient on an ice surface. (A) 
Illustration of experimental setup used to measure the excreted forces to the ice walking surface over the 
stance phase that includes heel strike (weight acceptance), support (foot flat), and toe-off (propulsion). 
Ground reaction forces both in x-direction (friction force) and z-direction (human weight) were collected 
concurrently as participants walked on the force plate covered with ice. Peak normal force in the z-direction 
(𝐹𝑛) and a peak friction force in the negative x-direction (𝐹𝑠) are shown. Data were plotted as mean for 𝑛 =
10  measurements. (B) Example of reaction forces, 𝐹𝑥 (solid lines) and 𝐹𝑧 (dashed line), recorded over a 
half gait cycle for human subject 1 wearing kirigami grip (arrangement 1 in black), control flat surface 
(blue), sneakers with grip soles (red), and sneakers with felt soles (green). The arrows point to the pick of 
propulsion reaction forces in x-direction (𝐹𝑠). Data were plotted as mean for 𝑛 = 10  measurements. (C) 
Utilized coefficient of friction (𝜇) reported for three human subjects shown in blue, green, and orange 
column bars. The experiments were carried out while the participants wearing the steel kirigami patches 
with different spike arrangements, the flat and textured control surfaces (shown in the inset), as well as 
various commercial shoes for the sake of comparison. The textured controls consist of an embossed pattern 
in the form of a square array of dimples raised against the surface (a=1 mm). The sneakers with grip and 
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felt soles are shown in the inset. Data reported as mean ± standard deviation for 𝑛 = 10  measurements for 
each group. 
 

Discussion 

In summary, in view of the public health importance of reducing falls, we harness kirigami-
based metasurfaces to mitigate slipping and falling. We demonstrate through attaching stretchable 
lightweight steel kirigami patches to the soles of shoes that we are able to actively enhance the 
frictional properties between the shoe soles and walking/working surfaces. In this work, we 
introduce several key elements including: (i) applying the change in the curvature of the shoe soles 
during commercial walking to dynamically actuate the kirigami shoe grips (i.e., without using any 
external source of energy), and (ii) reversible frequent shape transformation from flat surfaces (low 
friction) to 3D surfaces with popped up spikes (high friction) that enables us to tune friction 
dynamically (i.e., no need to remove the kirigami shoe grips). We present a systematic study by 
combining FE simulations and experimental methods to investigate the effect of kirigami meso-
structure (geometry, shape, and arrangement of spikes) on frictional properties between the 
kirigami shoe grips and walking icy surfaces.  

 
Notably, our proposed kirigami shoe grips are capable of enhancing lateral frictional properties 

that enable reducing the risk of slips and falls transversally to the direction of movement (i.e., 
biaxial friction enhancement). We observed that our symmetric kirigami pattern supports lateral 
friction force of a magnitude which is comparable to and even slightly larger than axial friction. 
Moreover, introducing asymmetry can further increase the lateral friction while axial friction 
remains in the same range (see “Kirigami shoe grips with biaxial friction control” in 
Supplementary Information, and fig. S8). This simple demonstration confirms that buckling-
induced kirigami is a rich platform with promising future directions, and can be used to tune 
frictional properties of patterned surfaces. This design can be expanded by introducing curvilinear 
grids to have a more pronounced change in the orientation of the spikes in lateral directions which 
requires further studies.  
 

The typical walk consists of a repeated gait cycle that contains two phases: (i) a first half cycle 
(stance phase) that can be dived into three stages: heel strike (weight acceptance), support (foot 
flat), and toe-off (propulsion); and (ii) a second half cycle (swing phase) that includes leg lift and 
forward motion. The kirigami metasurfaces are designed to operate during the propulsion stage, 
where the bending of the shoes induces stretching strain along the soles to activate the kirigami 
and generates higher friction forces in the forefoot. However, slipping during weight acceptance 
after heel contact (approximately 0-20% stance phase) is more hazardous compared to slipping 
during push-off. During the acceptance phase (from heel contact to foot flat), shoes are not 
significantly bent and the effect of increasing friction due to deformation of the kirigami 
metasurfaces may not be achieved. Thus, this point is a limitation in this study and potential area 
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of future slip-resistance. However, the finite residual deformation (i.e., slight localized plastic 
strains at the hinges) caused by deformation of patches results in a surface which is not fully 
smooth at rest position and can be beneficial to increase the friction of unactuated patches over 
foot flat and toe-off stages (see “Effect of material behavior on the response of kirigami shoe grips” 
in Supplementary Information). The current kirigami grips cover only the top half of the sole. 
Therefore, the braking forces – generated from the interaction between the heel region of the 
shoe sole and ice in the weight acceptance phase of gait – cannot be controlled and may vary 
for shoes made of various materials and sole groove patterns. Moreover, attachment of the 
kirigami grips may change the gait of human subjects and affects the braking forces. Therefore, 
to achieve further friction improvement over all the stages of stance, we can make outsoles that 
cover the entire sole and consists of two portions: (i) the top portion consists of the kirigami 
pattern made of textured sheets to increase the friction in the push-off stage; and (ii) the 
bottom portion (heel region) made of dimpled or tread groove patterns (no kirigami pattern) 
to generate higher braking forces and increase friction in the weight-acceptance phase and 
finally reduce the risk of slip44-46.  
 

The proposed approach could be potentially beneficial to reduce the risk of slip and fall for 
other slippery surfaces including oily or wet hardwood floors and vinyl. The tribological 
mechanisms behind the kirigami patches could be further assessed with more detailed wear studies 
(e.g., estimating wear volume through scratch depth in test surfaces and measuring wear life) and 
in situ monitoring of the kirigami during tests to assess the degree of tip flattening and potentially 
plowing. The stainless steel prototypes were employed to demonstrate the ability of kirigami 
surfaces for dynamic modulation of friction. Future development will include further 
evaluation of materials including composites for field application.  For example, they could 
be designed as a bilayer composite: a body made of a high-stiffness elastomer with 
microfeatures (e.g., dimple, groove) and steel reinforced spiked tips. The Elastic body with 
grooves provides friction in the range of commercially-available winter shoes or anti-slip 
solutions47, 48, and the kirigami spikes provide extra friction enhancement through dynamic 
orienting. This can improve the life time of steel shoe grips under cycling loads (see 
“Experimental fatigue testing of the kirigami shoe grips” in Supplementary Information, and 
fig. S9). Future successful translation of these technologies will involve further human dynamic 
evaluation across all the stages of stance49-51 and ambulation in ice containing environments 
including inclined surfaces52, 53. We envision morphable kirigami patches could be customized to 
the shape of person’s specific shoe soles by introducing functional gradient in size and shape of 
spikes to provide required friction force during daily activities. 

 

Methods 

Numerical simulations  
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The simulations were carried out using the commercial Finite Element (FE) package ABAQUS 
2019 (SIMULIA, Providence, RI). The Abaqus/Standard solver was employed for all simulations. 
In all our analyses we discretize the sheets using four-node general-purpose shell elements with 
reduced integration and hourglass control (S4R Abaqus element type) and, guided by our 
experiments, model the cuts as elongated rectangular voids with width of 0.1 mm. Since plasticity 
has little effect on the observed phenomena (see “Effect of material behavior on the response of 
kirigami shoe grips” in Supplementary Information, and fig. S10), the material behavior of the 
steel sheets is captured using a linear elastic material model with an elastic Young’s modulus E = 
193 GPa and a Poisson’s ratio ν = 0.27. To reduce the computational cost and ensure the response 
of the system is not dominated by boundary effects, we conducted analysis on unit cells subjected 
to periodic boundary conditions applied on opposite edges. Note that in the finite size structures, 
the response is slightly affected by the effect of the boundaries, and the morphology and 
characteristics of the emerging 3D pop-ups (e.g. relation between tilting angle and applied strain) 
are found to be unaltered (see “Stress-strain response of finite size kirigami under uniaxial tension” 
in Supplementary Information, and fig. S11). Two sets of analyses were performed: 

Deformation of kirigami patches under uniaxial in-plane tensile strain 

The uniaxial response of the kirigami structures was simulated in two steps: (i) a linear perturbation 
analysis (*BUCKLE module in Abaqus) was used to identify the critical buckling mode; (ii) the 
non-linear post-buckling response of the systems was simulated by introducing a small 
imperfection (~0.005l) in the form of the critical mode into the initial geometry and conducting 
static analysis (*STATIC module in Abaqus).  
 
Examining the normal stiffness of the spikes 

Following uniaxial tensile simulation of kirigami patches, the normal stiffness of buckled spikes 
was examined by subsequent compression of pre-stretched patches using a rigid plate while the 
displacement of four corners of the unit cells were constrained in normal direction. The plate was 
discretized using rigid shell elements and was initially positioned slightly above the tip of the 
spikes, which were calculated from previous uniaxial tensile simulations. We performed dynamic 
implicit analysis (*DYNAMIC module in Abaqus) by lowering the plate until it pushed the spikes 
down for 0.25 mm. A simplified contact law (General Contact type interaction) was assigned to 
the model with a hard contact for normal behavior and a frictionless tangential behavior. The 
reaction force of the plate was recorded as a function of applied displacement in the normal 
direction (fig. S12). Finally, the normal stiffness was given by calculating the initial slope of the 
force-displacement curve. 
 
ABAQUS scripts used for the above-mentioned analyses are provided in Supplementary 
Information. 

Fabrication of the kirigami patches 
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The metal kirigami patches were fabricated from 0.051 mm thick 301 stainless steel shim stock 
(Rockwell hardness C32, Trinity Brand Industries, McMaster-Carr part# 2316K11) and laser cut 
using a Kern MICRO equipped with a 150 W laser. The dimension of the kirigami patches is 11 × 
7 cm with 160 stretchable spikes, shown in fig. S1A. The spikes are fabricated in different shapes 
including concave, triangle, and convex (fig. S1B). Finally, the fabricated kirigami patches in the 
undeformed (𝜀22= 0) and stretched (𝜀22= 0.2) configurations with various spike shapes and 
arrangements including unidirectional, mirror, alternating rows, 3-column, and checker are shown 
in figs. S3 and S5. Both the flat and textured control patches were made of the same 301 stainless 
steel sheets with thickness 0.051 mm, Rockwell hardness C32, and dimension 11 × 7 cm. The 
textured controls were manufactured using a custom-made embossing hammer to create an 
embossed pattern consists of a square array of dimples with periodicity length of 5 mm (see the 
inset in Fig. 4C), which is raised against the surface of the flat sheet (a=1 mm).  

Friction testing; experimental set-up 

Friction testing was carried out using a custom attachment designed in-house for an Instron 
5942 series Universal Testing System with a 500 N load cell, shown in fig. S4. The attachment 
consists of a weighted sled, a table on which the sled slides, and an M4 eyebolt which attaches to 
the crosshead of the testing machine and pulls the sled at a constant velocity of 10 mm/s via a 
cotton twine string. The table is 600 mm long and 150 mm wide made from a 1/4” thick acrylic 
sheet. It has four 6 mm holes, which allow it to be screwed onto the base of the testing machine 
and a screw-mounted pulley (McMaster-Carr, part# 3071T7) for the string. In addition, the table 
has two M6 tapped holes for 300 mm long threaded rods (McMaster-Carr, part# 93325A418) 
which support the weight of the table extending off the base. The sled is 165 mm long and 97 mm 
wide made from two 1/4” acrylic sheets stacked and held together by M4 screws. The top sheet 
functions as a barrier to prevent the weight from sliding off the top of the sled. Finally, it has an 
M4 eyebolt screwed to the front for the string, which is tied on both ends using a bowline knot.  
 

To study the effects of spike shape and arrangement on the friction response of the patches, 
three shapes (“concave”, “triangle”, and “convex”) with five arrangements (“unidirectional”, 
“mirror”, “alternating rows”, “3-column”, and “checker”) each were tested for a total of 15 
different patches and one control patch (i.e., flat sheet of stainless steel). Three different surfaces 
were tested: hardwood (Armstrong Flooring, item # FP735WEAS502C14), vinyl (Armstrong 
Flooring, item #FP84660159), and ice, which was made in-house by freezing water in -20 °C 
freezer in a 34.3 u 24.4 u 7.0 cm aluminium tray overnight. 
 

The patches were clamped to the sled to strain them to approximately 15%, and a 5 kg weight 
was placed on top. The sled was pulled at a constant velocity of 10 mm/s until reaching the end of 
the surface, resulting in a plot of (friction) force against extension. This was repeated five times 
per patch. 
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Experimental protocol for gait analysis (force plate test) 

Force plate tests were carried out using an AMTI AccuGait Optimized™ force plate connected 
to a PC running the NetForce™ data acquisition software. Three healthy adults (two men and one 
woman, age 24.6±5.2 years; mass 75.0±14.7 kg; height 172±12 cm; US shoe size 9.3±1.7; mean ± 
SD) participated in the study. The study was approved by the Massachusetts Institute of 
Technology Committee on the Use of Humans as Experimental Subjects (MIT COUHES) and 
carried out according only to the approved methods. The nature of the study, including its minimal 
risks, were explained to the participants, who then provided written consent to participate in the 
study. Participants were provided with a safety helmet, knee and elbow pads, and access to a hand 
rail. 
 

One surface, ice, and six different metal patches were tested: concave-shaped spikes with five 
arrangements (“unidirectional”, “mirror”, “alternating rows”, “3-column”, and “checker”) each. 
Six controls were tested: a flat steel sheet attached to the shoe sole (i.e., no kirigami pattern), and 
five commercial shoes (no patch) including winter boots, sneakers with grip soles, sneakers with 
felt soles, loafers with ripper soles, and sandals. The ice surface was mounted on top of the 51u51 
cm force plate. The ice was at -20 °C (unmelted dry surface from the freezer) upon beginning the 
test, which provided ample time for the participants to perform the test before the ice started 
melting. In cases where the ice was visibly scratched or started melting between tests, the ice was 
replaced before continuing with the tests, as multiple ice blocks were frozen and prepared for the 
experiment (variation of ice surface temperature shown in fig. S13). Each patch was attached to 
the participants’ shoe on their dominant foot by fixing both ends using duct tape to cover the top 
half of the sole. The participants then walked forward one step and then stepped on the force plate 
10 times per patch. The step length and speed were not regulated. Each repeat resulted in a plot of 
three orthogonal forces and moments (in x-, y-, and z-directions), of which only the directions 
corresponding to the normal (human weight) and friction forces were used, shown in Fig. 4A.   
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Supplementary Notes 

Evaluation of utilized coefficient of friction on an inclined surface 

We have conducted further experiments to evaluate utilized coefficient of friction using an 
inclined surface. The ice surface was mounted on top of the 5151 cm force plate with an 
ascending inclined angle, 𝜃 = 5° (Fig. S7). 𝐹𝑥 and 𝐹𝑧 are the ground reaction forces in x- and z-
directions recorded by the force plate during walking over the half of a gait cycle. The utilized 
coefficient of friction (𝜇) was then calculated by: 

 

, where 𝐹𝑡 and 𝐹𝑛 are the reaction forces in t- and n-directions. The detailed protocol of gait trials 
and instruction to the subject for walking on the inclined surface were the same as flat surfaces, 
described in the Methods section. 

Kirigami shoe grips with biaxial friction control 

Fig. S8A shows the design of two triangle kirigami structures with symmetric and asymmetric 
arrays of spikes. In the asymmetric design, the rows of tips of each spike are alternately shifted by 
the quarter of the unit cell’s width to the right and left. We prototyped the kirigami out of 0.127 
mm thick polyester plastic shim stock (Artus Corporation, NJ), and performed friction tests using 
the custom-built friction set-up (see fig. S4 and “Friction testing” in Methods). The kirigami were 
stretched 𝜀22 = 0.15 in 2-direction (Fig. S8B) that results in buckling out of the spikes, and then 
clamped to the sled with 5 kg weight on the top. The sled was pulled at a constant velocity of 10 
mm/s in the 2-direction until reaching the end of the hardwood surface. Then, to evaluate the 
friction forces in the lateral direction, we repeated the same test by pulling the sled in the 1-
direction. In Fig. S8C, we reported the friction forces (𝐹𝑓) between kirigami (prestretched at 𝜀22 = 
0.15) with symmetric (left plot) and asymmetric (right plot) arrays of spikes and a hardwood 
surface as a function of displacement. 𝐹𝑓

1 and  𝐹𝑓
2 are the recorded friction forces in the 1- and 2-

directions, shown by dashed and solid lines, respectively. Each test was performed three times 
with the new kirigami, shown by different colors in Fig. S8C. Interestingly, the data demonstrates 
that not only both kirigami are capable of biaxial friction enhancement, but also the friction forces 
in the lateral direction (𝐹𝑓

1) are higher than the forces in the axial direction (𝐹𝑓
2). This lateral friction 

enhancement is even more pronounced for the asymmetric kirigami design. 

Experimental fatigue testing of the kirigami shoe grips 
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We carried out fatigue testing to predict the life of steel shoe grips under cyclic tensile loads. 
An Instron 5942 series Universal Testing System with a 500 N load cell was used to apply cyclic 
uniaxial loading under strain-controlled conditions to the specimens (kirigami structures). A 2.5 
mm thick ice block (300  120 mm) was mounted with the dry surface in a vertical orientation in 
contact with the kirigami surfaces such that the tips of the kirigami spikes scratched the ice block 
while the top crosshead of the testing machine pulled or pushed the kirigami. All tests were 
conducted using a trapezoidal waveform with 𝜀𝐴𝑝𝑝𝑙𝑖𝑒𝑑

𝑚𝑎𝑥 = 0.15, shown in Fig. S9. To determine the 
fatigue life, the specimen failure was defined at the point when a 50% drop in the maximum load 
(compared to the first cycle) or rupture is recorded. In Fig. S9, we reported the peak force in each 
cycle, 𝐹𝑚𝑎𝑥, versus the number of loading cycles, 𝑛, for the kirigami structures with concave, 
triangle, and convex spike shapes. We found that the concave kirigami prototypes fail at 𝑛~1700 
cycles, while the triangle and convex kirigami fail at 𝑛~1100 and 𝑛~900 cycles, respectively. 

Effect of material behavior on the response of kirigami shoe grips 

We examined the effect of plasticity and investigated the response of both elastic and 
elastoplastic kirigami structures under uniaxial tensile loads. We performed FE simulations by 
assuming an elastic-perfectly plastic material model (with yield stress 𝜎𝑦 = 759 MPa for 301 
stainless steel) under cyclic loading (5 cycles), and compared the results to those obtained for 
purely elastic kirigami sheets. The results reported in Fig. S10 are for steel kirigami patches with 
concave, triangle, and convex spike shapes characterized by 𝛾 = 30o, 𝛿/𝑙 = 0.15. Our finding 
suggests that while the effective stress-strain response of kirigami patches is affected by plasticity 
beyond out-of-plane buckling regime (Fig. S10A), the plastic strains localized in the hinges are 
moderate and the residual macroscopic strain is below 2% for all three patterns (Fig. S10B). From 
a practical point of view, this residual deformation can be beneficial since it potentially increases 
the friction of unactuated patches. Moreover, the effect of plasticity on tilting angle of kirigami 
sheets is negligible (Fig. S10C). Although the residual deformations caused by plasticity at the 
hinges are inevitable, the plastic deformation does not affect the morphology of the emerging 3D 
pop-ups, as their characteristics e.g. relation between tilting angle and applied strain are found to 
be unaltered.  

Stress-strain response of finite size kirigami under uniaxial tension 

We performed finite size simulations for kirigami structures with triangular cut pattern 
comprised of 16×2, 16×4, 16×6, 16×8 units and compared the results with those obtained from 
periodic boundary conditions (PBC). For kirigami structures, three deformation regimes are 
identified: (i) initial linear regime, (ii) out of plane buckling and departure from linearity, and (iii) 
hardening due to stretching of the hinges. As shown in Fig. S11, the linear regime is similar for all 
the samples due to in-plane deformation. By increasing the number of unit cells, the critical strain 
at which the out-of-plane buckling initiates becomes closer to the response of PBC. On the other 
hand, increasing the number of horizontal unit cells results in constraining more units at the 
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boundaries, which affects the hardening regime. Therefore, through the application of periodic 
boundary conditions, we avoid the dependency of the presented results on the choice of the number 
of units and save computational costs. We confirm that for real applications, the periodic boundary 
condition can be used as a guide while the results of finite size models should also be considered 
in the final prototypes.  
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Supplementary Figures 

 

Figure S1: Fabricated steel kirigami shoe grips. (A) Undeformed (𝜀22= 0) and stretched (𝜀22= 
0.2) configurations of the stainless steel kirigami patch made of a periodic array of concave-shaped 
spikes perforated in one direction. (B) The schematics of different spike shapes (in the middle) 
including concave (orange), triangle (black), and convex (green) with identical cut-angle (𝛾 =
30𝜊) and hinge over cut-length ratio (𝛿/𝑙 = 0.15).  
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Figure S2: Distribution of strains along a shoe sole over a half gait cycle. The local strains, 𝜀, 
were reported for different angles between the shoe sole and the walking surface (𝜑 = 34𝑜 (blue), 
42𝑜 (red), 53𝑜(green), and 73𝑜 (purple)) as a function of distance (𝑥) from the shop tip. The 
snapshots showing the shape of the shoe at the different angles are illustrated on the right. 
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Figure S3: Fabricated kirigami shoe grips with different spike shapes. Undeformed (𝜀22= 0) 
and stretched (𝜀22= 0.2) configurations of the stainless steel kirigami patches with different spike 
shapes including concave, triangle, and convex that were considered for this study. Scale bar is 10 
mm. 
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Figure S4: Friction testing set-up. (A) A universal testing machine (Instron 5942 series) with a 
500 N load cell was used to evaluate the friction properties of the kirigami patches for various 
surfaces. The set-up (side view in the image)  includes: (1) friction testing sled (bottom side shown 
in inset image) (2) kirigami patch, (3) weight, (4) clamps used to secure kirigami patch in the 
deformed state at 0.2 strain, (5) test surface (e.g., wood), (6) friction testing table, (7) M6 threaded 
rods used to support friction testing table, (8) low-friction pulley, and (9) hook attachment for 
crosshead to pull sled. Red scale bar is 100 mm; white scale bar in inset is 20 mm. The inset image 
is a bottom view of the friction testing sled with the kirigami patch attached. (1) and (2) are 
consistent with the outer image. The CAD model of the friction testing table (6) and sled without 
a kirigami patch (1) are illustrated in an isometric view in (B) and (C), respectively. All dimensions 
are in mm. 
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Figure S5: Fabricated steel kirigami shoe grips with different spike arrangements. 
Undeformed (𝜀22= 0) and stretched (𝜀22= 0.2) configurations of the stainless steel kirigami patches 
with different arrangements of spikes including Unidirectional (1Dir), Mirror, Alternating rows, 
3-column, and Checker that were considered for this study. Scale bar is 10 mm. 
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Fig S6. Friction enhancement of the concave kirigami shoe grips with various spike 
arrangements. Friction force (𝐹𝑓) vs. displacement (d) response of the concave kirigami surfaces 
with different spike arrangements prestretched at 𝜀22 = 0.15 and control flat surfaces (orange), 
sliding on (A) hardwood, and (B) vinyl surfaces. 𝐹𝑠 and 𝐹𝑘 are the static and kinetic friction forces. 
Effect of different spike arrangements on static and dynamic friction coefficients (𝜇𝑆 and 𝜇𝐾) for 
kirigami surfaces prestretched at 𝜀22 = 0.15 are reported on the right. The different arrangements 
of the fabricated kirigami grips including arrangement 1 (Unidirectional in black), arrangement 2 
(3-column in blue), arrangement 3 (Alternating rows in purple), arrangement 4 (Checker in green), 
and arrangement 5 (Mirror in red) are shown in the top. Interestingly, all the kirigami demonstrated 
enhanced frictional properties as compared to the control spikeless patch (orange dashed line), 
showing the smooth sliding for hardwood and stick-slip response for vinyl. The bar plots show 
considerable increases in 𝜇𝑠 (two- to three-fold) and 𝜇𝑘 (three- to four-fold) in average for all the 
arrangements with respect to the controls for both hardwood and vinyl. Data reported as mean ± 
standard deviation for 𝑛 = 3 measurements for each group. Two-sample 𝑡 tests were used to 
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determine the significance. *P < 0.05, **P < 0.01, ***P < 0.001, and N.S. not significant (kirigami 
patch versus control flat surface for both 𝜇𝑆 and 𝜇𝐾). 
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Fig S7. Illustration of force plate testing set-up on an inclined ice surface.  
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Fig. S8: Biaxial friction control using kirigami surfaces. (A) CAD models of triangle kirigami 
surfaces with symmetric and asymmetric arrays of spikes. 𝑑 is the width of a unit cell. (B) The 
kirigami can be stretched 𝜀22 = 0.15 in 2-direction that results in out of plane buckling of the 
spikes. (C) Friction forces (𝐹𝑓) between kirigami (prestretched at 𝜀22 = 0.15) with symmetric (left 
plot) and asymmetric (right plot) array of spikes and hardwood surface as a function of 
displacement. 𝐹𝑓

1 and  𝐹𝑓
2 are the recorded friction forces in 1- and 2-directions, shown by dashed 

and solid lines, respectively. Each test was performed three times shown by different colors. 
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Fig. S9: Experimental fatigue tests. (A) Trapezoidal waveform used in the cyclic tests to control 
the applied strain. (B) Maximum recorded applied force, 𝐹𝑚𝑎𝑥, versus the number of loading 
cycles, 𝑛, for the kirigami structures with concave, triangle, and convex spike shapes. 
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Fig. S10: Effect of material behavior on the response of kirigami structures subjected to 
uniaxial tension. (A) Comparison between numerical stress–strain curves obtained considering a 
purely elastic (blue dashed lines) and an elastoplastic (orange solid lines for five cyclic loads) 
material model. Results are reported for concave, triangle, and convex spike shapes steel kirigami 
patches, characterized by 𝛾 = 30o, 𝛿/𝑙 = 0.15 with the residual macroscopic plastic strains 0.018, 
0.015, and 0.010, respectively. (B) Snapshots showing the distribution of max principal plastic 
strains at buckled (loading at 𝜀22= 0.15) and released (unloading at 𝜀22= 0) configurations for 5 
cyclic uniaxial tensile loads. (C) Comparison between the evolution of tilting angle of the spikes 
(𝜃) as a function of applied strain (𝜀22) for a purely elastic (blue dashed lines) and an elastoplastic 
(orange solid lines for five cyclic loads) material model. 
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Fig. S11: Stress-strain response of the finite size kirigami under uniaxial tension. Comparison 
between the response of finite size samples (comprised of 162, 164, 166, 168 units) and 
infinitely large periodic structure (PBC) under uniaxial tension for triangular cut pattern obtained 
from FEA. 
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Fig. S12: Evolution of normal stiffness of the kirigami surfaces. (A) FEA simulation of periodic 
kirigami unit cells which are prestretched (𝜀22 = 0.15) and subsequently compressed with a rigid 
plate. (B) Normal force-displacement curves for the different cut patterns and hinge width 𝛿/𝑙 
under different levels of applied strains 𝜀22. (C) Effect of 𝛿/𝑙 on the stiffness in 33-direction (𝐾33) 
of the kirigami spikes with concave, triangle, and convex shapes with 𝛾 =30o as a function of 𝜀22. 
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Fig. S13: Variation of ice surface temperature during human force plate measurement of 
friction with kirigami shoe grips. The temperature of ice blocks during the experiments was 
monitored using a K-type thermocouple embedded into the top surface. The average of 
temperature variations recorded over t=7 min for n=30 force-plate human tests (10 
measurements per 100 S time periods with 30 S time interval between for replacing the 
kirigami shoe grips). 
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Movie S1. Steel kirigami shoe grips attached to a shoe sole. The slip-resistant assistive kirigami 
metasurface attached to a shoe sole undergoes a shape transformation from a flat surface 
(corresponding to low friction) to the 3D textured surface with popped-up spikes (corresponding 
to high friction). This reversible shape transformation caused by bending of the show sole, which 
induces stretching in the patches, resulting in buckling out the spikes that enables us to tune friction 
actively and subsequent resistance to slips and falls. 

 

Movie S2. Finite element simulation of kirigami unit cell. A periodic kirigami unit cell with 
concave spikes is initially stretched up to 𝜀22 = 0.15 and then compressed in the normal direction 
by pushing down a rigid plate against it. The contours in top left panel shows distribution of max 
principal plastic strain during the deformation. The plastic strains localized in the hinges are 
moderate and the residual plastic strain is ~ 2%.  
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