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This paper presents a class of robotic skins inspired by auxetic metamaterials, which enable programmable 
bending in soft pneumatic actuators. The efficiency of these robotic skins in controlling bending curvature and 
hoop expansion of the soft actuators is demonstrated through a combination of experiments and numerical 
simulations. Parametric studies are then performed to explore how variations in the geometric parameters of 
the metamaterial skin affect the performance of the bending actuators. Specifically, our study demonstrates that 
a range of bending curvatures (0.0077 mm−1 to 0.0097 mm−1) and cross-section diameters (38.4 mm to 44.0 
mm) can be achieved by adjusting the unit cell numbers of metamaterial skin in the vertical and hoop directions 
for bending a 2 mm-thickness-walled inflatable cylindrical tube, which is characterized by an initial length of 
104.3 mm, an initial cross-section diameter of 29.0 mm, and at an inflation volume of 75 mL. Moreover, a variety 
of bio-inspired soft actuators exhibiting complex bending behaviors are presented. The work demonstrates the 
effectiveness of the proposed strategy for achieving customized curved bending and shape-morphing by adjusting 
the geometric parameters and arrangement of the unit cells in the metamaterial skins.
1. Introduction

Soft robotics has emerged as a prominent topic in recent decades, 
attracting the interest of researchers, engineers, and innovators across 
diverse fields [1–3]. This field focuses on the design and creation of 
robots made from soft and flexible materials, diverging from tradi-

tional rigid robots. Bending serves as a fundamental deformation mode 
in the design of soft robots, playing a vital role in enabling their di-

verse functionality and versatility. The ability to achieve programmable 
bending is crucial as it allows soft robots to adapt to various tasks 
and environments with precision and efficiency. This capability finds 
applications across a broad spectrum of fields, including soft grippers 
for delicate object manipulation [4–6], morphing structures for shape-

shifting capabilities [7,8], bio-inspired robotics for mimicking natural 
movements [9,10], and biomedical devices for surgery, diagnosis, drug 
delivery, and wearable and assistive devices [11]. In each of these ex-

amples, the continuous and smooth bending of soft materials enables 
robots to perform tasks that are challenging or impossible for traditional 
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rigid robots, highlighting the significance of programmable bending in 
advancing the capabilities of soft robotic systems.

A fundamental type of soft robot utilizes pneumatic-powered actu-

ators. These actuators are typically constructed from rubber-like flex-

ible materials and consist of a series of chambers embedded inside. 
The chambers inflate like balloons upon pumping air to generate ac-

tuation [12]. Various methods have been proposed to achieve bending 
in such soft robots through pneumatic actuation. Some studies adopt 
asymmetrical material and geometry distributions of pneumatic cham-

bers to induce bending motion upon pressurization. When one side of 
the chamber has thinner walls compared to the other side, it experi-

ences greater expansion or elongation when pressurized [13–15]. This 
imbalance in expansion results in bending of the chamber to accommo-

date the differential elongation of the material. While the asymmetrical 
design facilitates bending in a desired direction, the chamber may also 
expand in other directions due to the pressure exerted by the inflating 
air. This multidirectional expansion can result in undesired motions or 
deformations, potentially reducing the efficiency or controllability of 
the bending of the soft robots and limiting the precision and accuracy 
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of tasks that the robot can perform. To mitigate this issue, additional 
structural elements can be incorporated with the soft actuator to guide 
the bending deformation in a specific direction. Strain-limiting layers 
and pneumatic networks can be employed to restrict the expansion 
of the chamber in undesirable directions [16,17]. Additionally, fiber-

reinforced materials [18–22], and knit fabrics [23–26] can be integrated 
into the soft actuator to enhance its stiffness and guide the bending de-

formation along specific pathways.

Mechanical metamaterials are artificially engineered materials that 
provide unique properties not found in natural materials [27–29]. 
Through rational design of microstructural geometry, they can achieve 
extreme and programmable properties, such as negative Poisson’s ratio 
and on-demand stiffness [30,31]. Employing mechanical metamaterials 
as specialized robotic skins to reinforce the inflation of pneumatic cham-

bers offers several advantages over traditional fiber-reinforced bending 
actuators. Specifically, robotic skins made from mechanical metamate-

rials can be easily applied to or removed from soft robots as needed, al-

lowing for flexibility in design iterations, repairs, or customization [32]. 
Enclosing soft robots with metamaterial-inspired skins provides design 
flexibility to achieve a wide range of programmable bending behaviors 
and even morphing shape designs. Hasse and Mauser [33] proposed 
a concept that leverages an asymmetrically distributed Poisson’s ra-

tio using cellular mechanical metamaterial to enable bending of a soft 
actuator. Pan et al. [34] further extended the concept and developed 
a computational framework using the finite element method to ana-

lyze the impact of key design parameters of auxetic metamaterials on 
the bending performance of soft actuators. Rafsanjani et al. [35] intro-

duced buckling-induced Kirigami metamaterials by creating arrays of 
cuts in thin polyester sheets. These Kirigami metamaterials were later 
employed as robotic skins to enable soft actuators to crawl [36]. Subse-

quent studies revealed that stretching Kirigami skins induces elastic in-

stabilities in the thin ligaments, creating a 3D textured surface [37,38]. 
More recently, the use of Kirigami skins on soft actuators has resulted in 
a novel class of soft robots with programmable functionalities, including 
bending [39] and shape morphing [40].

Motivated by previous research on programming soft robots with 
mechanical metamaterials, this paper extends the concept by using 
auxetic metamaterial-inspired robotic skins to enable complex, pro-

grammable bending behaviors in soft pneumatic actuators. Auxetic and 
honeycomb metamaterials, made from rubber-like materials, are em-

ployed as robotic skins not only because their properties can be readily 
programmed by altering geometric parameters, but also because the 
arrangement of unit cells in these metamaterial skins provides a wide de-

sign space for actuator design. Additionally, unlike thin Kirigami skins, 
which can experience stress concentrations at the cutout edges leading 
to potential permanent plastic deformation [35,37], rubber-like auxetic 
metamaterials are fully elastic, allowing the actuators to recover their 
original shape without permanent deformation after unloading. Specifi-

cally, soft robotic specimens were fabricated, and inflation experiments 
were conducted to characterize the bending performance of the actu-

ators upon air pumping. Finite element (FE) models were developed 
and validated against experimental results. Parametric studies were per-

formed to analyze the effect of the mechanical metamaterials’ geometric 
parameters on the bending and hoop expansion behavior of the soft ac-

tuators under pressurization. Furthermore, a variety of programmable 
bending cases were demonstrated through our models, illustrating how 
complex programmable bending can be achieved with the proposed 
strategy.

The content is organized as follows: Section 2 outlines the design 
concept of the auxetic metamaterial-inspired robotic skins and the geo-

metric design of the bending actuator. Section 3 describes the fabrication 
and experimental methods, as well as the FE techniques utilized to 
characterize the deformation of the soft bending actuators. Section 4

presents the experimental and numerical results of the bending perfor-

mance characterization of the actuators, and compares the parametric 
2

study results to reveal the effect of key design parameters of the metama-
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terial skin on the longitudinal bending and hoop expansion behaviors 
of the actuators. Several examples are also presented to demonstrate 
the potential of the proposed concept in designing programmable bio-

inspired bending and curved shape-morphing capabilities. Finally, Sec-

tion 5 summarizes the findings of the study and provides outlooks for 
future research.

2. Auxetic metamaterial-inspired robotic skins for soft pneumatic 
actuators

Fig. 1 depicts the fundamental idea considered in this work, which 
involves leveraging auxetic metamaterials as a robotic skin to induce 
asymmetric deformation in pneumatic actuators. This concept was ini-

tially proposed by Hasse et al. [33] and subsequently investigated by Pan 
et al. [34] and other researchers [41,42]. However, previous investiga-

tions have focused on demonstrating simple bending of the actuators. 
In this work, we advance these designs to attain programmable bio-

inspired bending and curved shape-morphing by exploring additional 
facets of the design space.

Fig. 1A depicts the unit cell of a negative Poisson ratio (NPR) meta-

material side by side with that of a positive Poisson ratio (PPR) metama-

terial, along with their interconnection. Each unit cell is characterized 
by its width 𝑤, height ℎ, the gap distance 𝑔. The cross-section of the 
beam is rectangular with width 𝑎 and thickness 𝑏. A ratio of the gap 
distance to the height of the unit cell, denoted as 𝑐𝑔 = 𝑔∕ℎ, is defined 
to quantify the geometric variations of the unit cell. A comprehensive 
depiction of the beam thickness of the unit cell is provided in the Supple-

mentary Information, as illustrated in Fig. S1. A finite-sized mechanical 
metamaterial is created by replicating the unit cells horizontally for 𝑛ℎ
times and vertically for 𝑛𝑣 times. Subsequently, it is rolled into a cylin-

drical shell configuration, resulting in the formation of a robotic skin, 
which is characterized by the longitudinal length 𝐿 and the radius of 
the cross-sectional circle 𝑅, as can be seen in Fig. 1B. Subsequently, the 
metamaterial-based robotic skin is utilized to encompass a thin-walled 
soft tube, with a thickness of 𝑡, to form an integrated pneumatic actua-

tor, as depicted in Fig. 1C. Upon pumping air into the pneumatic cavity, 
the soft actuator expands radially and elongates longitudinally. Notably, 
due to the difference between the stretchability of the NPR metamaterial 
(highlighted in blue) compared to the PPR metamaterial (highlighted in 
red), the elongation on the NPR side surpasses that on the PPR side. Con-

sequently, this imbalance in elongation results in bending towards the 
PPR side, as illustrated in the left panel of Fig. 1D. The middle and right 
panels of Fig. 1D show that by designing the arrangement of the NPR 
and PPR metamaterials within the robotic skin, complex programmable 
bending can be achieved.

3. Methodology

3.1. Experiments

Fig. 2 illustrates the fabrication process of the auxetic metamaterial-

enabled soft pneumatic actuators. The inner soft tube was fabricated 
via an injection molding process, with Fig. 2A displaying the 3D printed 
mold made of resin (8200Pro, Wenext Technology, China) used for fab-

rication. Equal amounts of Ecoflex 00-30 A and B (Smooth-On, USA) 
were measured and mixed in a clean container. The mixture was then 
poured into the mold, as depicted in Fig. 2B, and placed in a blast dry-

ing oven at a temperature of 75 ◦C for 15 minutes to cure. Once the 
silicone had fully cured, it was removed from the mold and fastened to 
3D-printed resin components at its ends to form an enclosed soft tube, as 
depicted in Fig. 2C. In the meantime, the auxetic metamaterial-inspired 
robotic skin was fabricated using a separate injection molding process, 
employing polyurethane-based rubber (Hei-Cast 8400, WeNext Tech-
nology, China) as the raw material. Finally, the fabricated robotic skin
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Fig. 1. Auxetic metamaterials act as a robotic skin to enable programmable bending of soft pneumatic actuators. (A) The schematic depicts a negative Poisson ratio 
(NPR) unit cell, a positive Poisson ratio (PPR) unit cell, and their connection. (B) The unit cells are repeated to form a finite-sized metamaterial, which is then rolled 
into a cylindrical shell shape, resulting in a robotic skin. (C) The robotic skin is applied to enclose a thin-walled soft tube to create a pneumatic actuator. (D) When 
air is pumped into the inner soft tube, the asymmetric deformation induced by the robotic skin causes the actuator to bend. Complex programmable bending can be 
achieved via rigorous design of the metamaterial skin.

Fig. 2. Fabrication of the auxetic metamaterial-enabled soft bending actuator. (A) 3D printed resin mold for the fabrication of the inner soft tube. (B) Ecoflex 00-30 
A and B are mixed and poured into the mold for curing. (C) The cured soft tube is inserted with 3D-printed components at both ends to create an enclosed pneumatic 
actuator. The robotic skin is fabricated using a separate injection molding process, utilizing polyurethane (PU)-based rubber as the raw material. (D) The soft tube 
and the robotic skin are adhered together to produce a bending actuator. Three specimens are characterized by different geometric parameters.
and the soft tube were assembled to form the pneumatic actuators. Three 
specimens, denoted as Specimen-I, II, and III, with variations in the geo-

metric design of the metamaterial skin, were manufactured, as depicted 
in Fig. 2D. Table 1 summarizes the geometric parameters for the speci-
3

mens.
The Ecoflex used for the inner tube and the polyurethane-based rub-

ber used for the outer robotic skin were characterized through standard 
mechanical tests (ASTM D412), yielding a tensile modulus of 0.111 MPa 
and 5.55 MPa, respectively. Next, experiments were carried out to mea-
sure the bending deformation of the pneumatic actuator upon controlled 



Materials & Design 246 (2024) 113334Y. Pu, S. Zheng, X. Hu et al.

Table 1

Geometric parameters for the auxetic metamaterial-inspired bending actuator.

Geometric Parameters Definition Value Unit

Unit Cell Height of unit cell ℎ 14.9 mm

Width of unit cell 𝑤 8.12 mm

Ratio of gap distance to height 𝑐𝑔 = 𝑔∕ℎ 0.2, (0.4, 0.5) /

Beam cross-section parameter, depth 𝑎 2.0 mm

Beam cross-section parameter, width 𝑏 1.57 mm

Robotic skin Longitudinal length 𝐿 104.3 mm

Inner Radius 𝑅 14.5 mm

Number of unit cells in vertical direction 𝑛𝑣 7, (5, 9) /

Number of unit cells in hoop direction 𝑛ℎ 12, (16, 20) /

Inner tube Thickness 𝑡 2.0 mm

Fig. 3. Finite element mesh representation of the auxetic metamaterial-enabled soft actuator. (A) Initial configuration. (B) Deformed configuration. (C) Measurement 
of the bending curvature.
air pumping. A detailed description of the experimental set-up can be 
found in Section II of the Supplementary Information.

3.2. Model

To comprehend the bending mechanics and guide the design of the 
actuator, numerical models were constructed utilizing the commercial 
finite element package ABAQUS/Standard 2020. Fig. 3 illustrates the 
finite element mesh of the actuator in the initial and deformed configu-

ration. Both the robotic skin and the inner tube were discretized using 
three-dimensional quadratic tetrahedral elements with hybrid formula-

tion (ABAQUS element type: C3D10H). The mesh density accuracy was 
ensured through a mesh refinement study. The nonlinear behaviors of 
both the robotic skin and the inner tube were modeled using an incom-

pressible Neo-Hookean material model, with the initial shear modulus of 
0.037 MPa and 1.85 MPa, respectively. The bottom end of the actuator 
was completely constrained. The model was inflated via a fluid cavity 
interaction within ABAQUS. The fluid was modeled as incompressible 
air with a density of 1.225 𝑘𝑔∕𝑚3. The inflation process was controlled 
by gradually adding air volume to the cavity, which was simulated by 
introducing a fictitious thermal expansion and applying a temperature 
change load to the air. The added air volume is related to the tempera-

ture change through the following equation:

Δ𝑉 = 𝑉0 ⋅ 3𝛼Δ𝑇 (1)

where Δ𝑉 represents the change in fluid cavity volume, 𝑉0 denotes the 
initial volume of the cavity, 𝛼 is the coefficient of thermal expansion of 
the fluid, and Δ𝑇 is the temperature change. The deformation of the soft 
actuator upon inflation was captured using the dynamic implicit solver, 
and the quasi-static condition was ensured by monitoring the kinetic en-

ergy of the model to be a small percentage of its strain energy. Fig. 3B 
illustrates the deformation of the mesh in the inflated state of the actua-

tor. The cross-section diameter, 𝐷, at the middle length of the actuator 
4

is extracted to measure the hoop expansion of the actuator. The coor-
dinates of the nodes located along the outer edge (highlighted with a 
red line) are extracted and exported to a circle-fitting Python code [43]

for the measurement of the bending curvature, 𝜅, as shown in Fig. 3C. 
We note that the outer edge was selected to quantify the bending of the 
actuator because the inner edge experiences convex and concave varia-

tions along its length due to constraints at the actuator’s ends, making 
it challenging to accurately fit the curve into a circle, especially when 
the actuator is short and boundary effects are pronounced.

4. Results and discussion

4.1. Bending responses of the actuators

In this section, we start by characterizing the bending responses 
of the proposed auxetic metamaterial-inspired soft actuators under air 
pumping. Fig. 4 presents a comparison between experimental observa-

tions and numerical simulations, demonstrating a high level of agree-

ment. As mentioned above, three specimens were fabricated and tested 
to highlight the influence of asymmetry in the geometry of the metama-

terial skin on bending performance of the actuators. These specimens are 
characterized by a range of 𝑐𝑔 values, specifically 𝑐𝑔 = 0.2, 0.4, and 0.5 
for Specimen-I, -II, and -III, respectively. Note that a smaller value of 𝑐𝑔
results in a more significant asymmetry between the NPR and PPR meta-

materials, whereas 𝑐𝑔 = 0.5 denotes the adoption of a symmetric design. 
Numerical models with identical geometric dimensions were developed 
and executed to capture the deformation of these actuators. Fig. 4A il-
lustrates the comparison of inflation pressure as a function of increased 
air volume for the three specimens. It is evident that as air is pumped 
into the actuator, the inflation pressure of the cavity increases, and the 
pressure at the same increased air volume is close to each other for all 
three specimens. Figs. 4B and 4C present the bending curvature of the 
actuator as a function of inflation pressure and increased air volume, 
respectively. It can be seen that the bending curvature of the actuator in-
creases as the pneumatic cavity is inflated. Fig. 4D presents deformation 
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Fig. 4. Bending response of three auxetic metamaterial-inspired soft actuators subjected to air pumping. Comparison between experimental and numerical results 
for (A) pressure versus volume, (B) bending curvature versus pressure, (C) bending curvature versus volume curves, and (D) deformation snapshots.
snapshots obtained from both experiments and simulations, demonstrat-

ing a close match between the two. A movie showing the deformation 
animations of both the experiment and simulation can be found in the 
Supplementary Information, available as Movie S1. It can be observed 
from the movie that localized bulging occurs in the soft inflatable tube. 
This is due to the high nonlinearity and thin-walled nature of the tube 
material. However, this bulging effect was not well captured in our simu-

lations, as we used the Neo-Hookean model for the analysis. To capture 
such bulging behavior, more advanced hyperelastic material models, 
such as the Gent or Ogden models, would be required, as they better 
account for the high nonlinearity of rubber materials [6,44,45]. In this 
work, the Neo-Hookean model was selected because it efficiently cap-

tures the bending behavior of the actuator while reducing computational 
costs, as bulging is not the primary focus of this study.

We note that the bending of the actuator is attributed to the asym-

metric constraint imposed by the robotic skin, where the Poisson effect 
of the auxetic metamaterial is pivotal. Upon inflation of the inner tube, it 
applies uniform expansion forces on the outer metamaterials in both the 
longitudinal and hoop directions. The mechanical behavior of the outer 
metamaterial has been elucidated through FE simulations, as elaborated 
in the Supplementary Information (refer to Fig. S3). In the longitudinal 
direction, the NPR metamaterial on the left exhibits much lower tension 
stiffness compared to the right PPR metamaterial. Thus, under the actua-

tion force exerted by the inner tube, the left side of the actuator exhibits 
longer elongation than the right side. Additionally, owing to the Poisson 
5

effect, expansion in the hoop direction on the left side induces longitu-
dinal elongation, whereas expansion in the hoop direction on the right 
side induces longitudinal shortening. Consequently, upon inflation, the 
left side of the actuator experiences significantly more elongation than 
the right side, resulting in bending towards the right side. It is further 
demonstrated that the bending performance of the actuator can be read-

ily adjusted by varying the geometric parameter 𝑐𝑔 of the metamaterial 
skin. Specifically, Specimen-I (𝑐𝑔 = 0.2) displays a more pronounced 
asymmetry between the left and right sides compared to Specimen-II 
(𝑐𝑔 = 0.4). Consequently, at the same inflation volume and pressure, 
Specimen-I exhibits a larger bending curvature than Specimen-II. In con-

trast, Specimen-III (𝑐𝑔 = 0.5) features a symmetric skin design, resulting 
in no bending, and is fabricated and analyzed for comparative purposes.

4.2. Parametric studies

Having demonstrated the bending performance and verified the ac-

curacy of the numerical simulations, we then move on to use our model 
to explore the effect of key design parameters of the metamaterial-

inspired skin on the bending performance of the soft actuators. The 
geometric parameters outlined in Table 1 are used as a baseline for com-

parison.

4.2.1. Effect of number of unit cells in vertical direction

We begin by investigating the effect of the number of unit cells used 

in the vertical direction. Three simulation cases are considered with 
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Fig. 5. Effect of the number of unit cells in the vertical direction, denoted as 𝑛𝑣, on the bending performance of the soft actuators. As 𝑛𝑣 increases, (A) the inner 
pressure exerted on the soft actuator and (B) the bending curvature of the actuator increase at the same inflation volume. On the contrary, (C) the cross-sectional 
diameter of the actuator decreases.
identical design parameters, except for the number of unit cells in the 
vertical direction, 𝑛𝑣, which varies from 5, 7, to 9.

Fig. 5 shows the simulation results. The results indicate that as 𝑛𝑣
increases, the bending curvature along the longitudinal direction of the 
actuator increases, while the expansion in the hoop direction decreases. 
This can be attributed to the variation in the mechanical properties of 
the outer metamaterials, as detailed in the Supplementary Information 
(see Fig. S4). As 𝑛𝑣 increases, both the NPR and PPR metamaterials ex-

perience a reduction in tension stiffness in the longitudinal direction. 
Consequently, for a larger 𝑛𝑣, the actuator overall has reduced stiffness 
in the longitudinal direction, making it easier to elongate. Additionally, 
as 𝑛𝑣 increases, the expansion in the hoop direction causes a larger 
elongation in the longitudinal direction for the left NPR and, simul-

taneously, a larger shortening for the right PPR. Consequently, with 
increasing 𝑛𝑣, the actuator exhibits a more significant difference be-

tween the elongation of the left and right sides, resulting in a larger 
bending curvature. On the other hand, as 𝑛𝑣 increases, both the NPR 
and PPR metamaterials experience an increase in tension stiffness in 
the hoop direction, resulting in relatively large stiffness in this direc-

tion to limit the expansion of the actuator. Moreover, as 𝑛𝑣 increases, 
the elongation in the longitudinal direction causes a decrease in the 
expansion in the hoop direction for the left NPR, while for the right 
PPR, the Poisson effect remains almost unchanged. Consequently, with 
increasing 𝑛𝑣, the expansion in the hoop direction of the actuator is lim-
6

ited
4.2.2. Effect of number of unit cells in hoop direction

Next, we explore the effect of the number of unit cells used in the 
hoop direction. Three simulation cases are considered with identical 
design parameters, except for the number of unit cells in the hoop di-

rection, 𝑛ℎ, which varies from 12, 16, to 20.

Fig. 6 shows the bending simulation results. The results indicate that 
as 𝑛ℎ increases, the bending curvature along the longitudinal direction 
of the actuator slightly decreases, while the expansion in the hoop di-

rection significantly increases. This can be attributed to the variation 
in the mechanical properties of the outer metamaterials, as detailed 
in the Supplementary information (see Fig. S5). As 𝑛ℎ increases, both 
the NPR and PPR metamaterials experience an increase in tension stiff-

ness in the longitudinal direction. Consequently, for a larger 𝑛ℎ , the 
actuator overall has an increased stiffness in the longitudinal direction, 
making it harder to elongate. Additionally, as 𝑛ℎ increases, the expan-

sion in the hoop direction causes a less pronounced elongation in the 
longitudinal direction for the left NPR and, simultaneously, a less pro-

nounced shortening for the right PPR. Consequently, with increasing 
𝑛ℎ, the actuator exhibits a much less difference between the elonga-

tion of the left and right sides, resulting in a smaller bending curvature. 
On the other hand, as 𝑛ℎ increases, both the NPR and PPR metamate-

rials experience a decrease in tension stiffness in the hoop direction, 
resulting in relatively small stiffness in this direction to limit the ex-

pansion of the actuator. Moreover, as 𝑛ℎ increases, the elongation in 

the longitudinal direction causes an increase in the expansion in the 
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Fig. 6. Effect of the number of unit cells in the hoop direction, denoted as 𝑛ℎ, on the bending performance of the soft actuators. As 𝑛ℎ increases, (A) the inner pressure 
exerted on the soft actuator increases slightly and (B) the bending curvature of the actuator decreases slightly at the same inflation volume. Meanwhile, (C) the 
cross-sectional diameter of the actuator increases significantly.
hoop direction for the left NPR. Consequently, with increasing 𝑛ℎ , the 
expansion in the hoop direction of the actuator becomes much more 
prominent.

4.2.3. Effect of modulus ratio of metamaterial to inner tube

In this section, we investigate the effect of the modulus ratio between 
the metamaterial and the inner soft tube on the bending performance 
of the actuator. We consider three simulation cases with identical geo-

metric parameters as listed in Table 1. In these simulations, the initial 
shear modulus of the inner tube is fixed at a constant value of 0.037 
MPa, while that of the outer skin varies to achieve different modulus ra-

tios of the outer metamaterial to the inner tube, denoted as 𝛼, ranging 
from 20, 50, to 80.

The bending simulation results are presented in Fig. 7. The results 
suggest that the modulus ratio has a negligible effect on the bending cur-

vature and the hoop expansion of the actuator. However, it does provide 
an effect on the inflation pressure-to-volume curve. As the modulus of 
the skin material increases, both the left NPR and the right PPR metama-

terials become stiffer, resulting in an overall increase in stiffness in all 
directions for the actuator. However, the Poisson effect of the NPR and 
PPR metamaterials remains almost unchanged, see Fig. S6 in the Sup-

plementary Information. Therefore, we can conclude that the Poisson 
effect of the auxetic metamaterial, as well as the asymmetry between 
the left and right sides, is the main reason for the bending of the actua-
7

tor.
4.2.4. Combined parameter effects

Fig. 8 illustrates the combined effect of varying the number of unit 
cells in the hoop and vertical directions on the actuator’s performance. 
The results are obtained with a constant inflation volume of 75 mL. The 
color contour and isolines reveal that increasing the number of unit cells 
in the vertical direction while decreasing the number of unit cells in the 
hoop direction enhances bending performance by increasing bending 
curvature while constraining hoop expansion. For example, the bending 
curvature (𝜅) increases from 0.0077 mm−1 to 0.0097 mm−1, while the 
cross-section diameter (𝐷) decreases from 44.0 mm to 38.4 mm when 
the number of unit cells in the vertical direction is increased from 𝑛𝑣
= 5 to 𝑛𝑣 = 9 and the number of unit cells in the hoop direction is 
decreased from 𝑛ℎ = 20 to 𝑛ℎ = 12.

Additionally, we investigated the effect of varying the fraction of 
NPR unit cells in the hoop direction while keeping the total number of 
unit cells constant. In these simulations, we maintained identical ge-

ometric and material parameters as listed in Table 1, with the only 
variable being the fraction ratio of NPR unit cells. With the total num-

ber of hoop direction unit cells fixed at 12, we increased the number of 
NPR unit cells from 0, 2, 4, 6, 8, 10 to 12, thereby raising the fraction 
ratio from 0 to 1. As shown in Fig. 9, when the actuator is inflated to 
25 kPa, the hoop expansion increases monotonically with the increasing 
fraction of NPR. However, the bending curvature initially rises, peaks 
when the NPR fraction ratio is 0.5 (where NPR and PPR unit cells are 

equal in number), and then decreases.
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Fig. 7. Effect of the ratio of the initial shear modulus of the outer skin to the inner soft tube, denoted as 𝛼, on the bending performance of the soft actuators. It is 
observed that (A) the inner pressure exerted on the soft actuator increases significantly, while (B) the bending curvature, and (C) the cross-sectional diameter of the 
actuator remain almost unchanged as 𝛼 increases.
Fig. 8. Combined effect of unit cell numbers in the hoop and vertical directions. 
The color contour represents bending curvature variation, while the isolines 
indicate cross-section diameter changes.

4.3. Programmable bending

Having understood that adjusting the geometric parameters and 
8

the number of unit cells in the longitudinal and hoop directions 
Fig. 9. Effect of the fraction of NPR unit cells on bending performance of the 
soft actuators. As the fraction of NPR unit cells increases, hoop expansion rises 
steadily, while bending curvature initially increases, peaks, and then decreases. 
Blue and red respectively indicate NPR and PPR unit cells in the color demon-

stration.

facilitates the creation of soft actuators with customizable bending 
curvature and hoop expansion, we then explore the potential of us-

ing this concept to program more complex bio-inspired bending and 
curved shape-morphing behaviors. To illustrate this idea, in this sec-

tion, we present several designs that mimic bio-inspired bending mo-
tions and customized English characters as examples. All geometric 
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Fig. 10. Demonstration of a variety of programmable bending actuators achieved with specialized metamaterial skins. (A) A soft robot resembling the bending motion 
of a human finger. (B) A soft robot emulating the complex bending and twisting of an elephant’s trunk. (C) Three soft actuators forming the English characters “S”, 
“C”, and “U”, where “SCU” represents SiChuan University, showcasing customized shape morphing capabilities. (D) A soft robot imitating the intricate bending of 
octopus tentacles.
design details are shown in Figs. S7-S12 in the Supplementary Infor-

mation.

Fig. 10A illustrates a soft robot that replicates the bending motion 
of a human finger. This is achieved by connecting three segments of 
the actuators in series, with varying bending curvatures along the lon-

gitudinal direction achieved by using three different 𝑐𝑔 values. Fig. 10B 
illustrates a soft actuator designed to replicate the complex bending and 
twisting motions of an elephant’s trunk. This is accomplished by incor-

porating a metamaterial skin composed of two segments, each featuring 
a distinct distribution of NPR and PPR unit cells. Fig. 10C showcases 
three soft actuators configured to form the English characters “S”, “C”, 
and “U”, representing the abbreviation for SiChuan University. These ex-

amples highlight the versatility of the method in achieving customized 
shape-morphing capabilities. Fig. 10D depicts a soft actuator replicating 
the intricate bending of octopus tentacles. The actuator initially has a 
cylindrical shape, which transforms into a twisting conical form under 
inflation. This transformation is achieved by adjusting both the hoop 
expansion and the bending curvature of the actuator. As depicted in 
Fig. S12 in the Supplementary Information, the metamaterial skin for 
the octopus tentacle actuator is composed of multiple segments where 
at the top consists of all NPR unit cells, while at the bottom consists of 
all PPR unit cells. Along the axial direction, the number of NPR cells 
gradually decreases, and the number of PPR cells increases, while the 
9

total number of unit cells in the hoop direction remains constant. This 
gradient design results in varying degrees of hoop expansion along the 
axial direction, with an overall decrease in hoop expansion from the 
top to the bottom of the tentacle. Additionally, bending is introduced in 
the middle section of the actuator, with variations in bending curvature 
arising from the varying fraction of NPR unit cells.

Finally, Figs. S7-S12 in the Supplementary Information illustrate the 
maximum principal stress distribution for all demo samples. Notably, 
the NPR side experiences higher stress due to greater elongation, and 
the actuator predictably bends from NPR to PPR, showing that bending 
can be easily tuned by adjusting the unit cell arrangement. The consis-

tent maximum principal stress at segment intersections indicates smooth 
transitions without stress concentration, suggesting that the complex 
bio-inspired actuators likely exhibit similar functionality to the simpler 
bending actuators. We note that the maximum principal stress in the 
inner tube and metamaterial skin for the samples, as shown in Figs. S7-

S12, ranges from 0.4 to 0.6 MPa and 4.0 to 6.0 MPa, respectively. 
These stress values are well below the failure stresses of the respec-

tive materials-1.38 MPa for Ecoflex 00-30 [46] and 10 MPa for Hei-Cast 
8400 [47]. This suggests the actuator is likely capable of withstand-

ing cyclic loading. However, a comprehensive assessment of long-term 
performance under cyclic conditions would require additional fatigue 
studies, including detailed durability tests [16,48], which is however 

beyond the scope of this work.
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5. Conclusion

Bending serves as a fundamental deformation mode essential for 
achieving complex motions in soft robots. In the realm of pneumatic 
soft robots, various design methods have been proposed to facilitate 
bending. These methods can be broadly categorized into two groups: 
the first involves employing asymmetric material or geometric distri-

butions to induce bending of the actuator, while the second entails 
incorporating reinforcements to introduce asymmetric constraints, such 
as fiber-reinforcement, knit fabrics, and mechanical metamaterials. Of 
these, mechanical metamaterial-inspired robotic skins have garnered at-

tention for their ease of use and removal, as well as their capacity for 
offering significant design flexibility.

This paper investigates the concept of using auxetic metamaterial-

inspired robotic skin to program the bending behavior of pneumatic soft 
actuators. The idea is intuitive. The robotic skin comprises a combina-

tion of NPR metamaterial and PPR metamaterial, while the inner tube 
consists of a cylindrical thin-walled soft chamber made of rubber-like 
soft materials. Upon inflation with air, the NPR and PPR metamate-

rials cause differential elongation on the actuator’s sides, resulting in 
directional bending. Experiments and finite element simulations are em-

ployed to analyze the bending deformation of the actuators, with the 
simulations validated against experimental results. Parametric studies 
are conducted to explore the influence of key design parameters on 
actuators’ bending performance. The main findings are summarized as 
follows: (i) Bending curvature can be increased and hoop expansion can 
be reduced by increasing the unit cell numbers in the vertical direc-

tion while decreasing the unit cell numbers in the hoop direction. (ii)
The modulus ratio of the metamaterial to the inner tube has a signifi-

cant effect on the pressure-volume relationship of the actuator but has 
a negligible effect on bending performance. Furthermore, the concept 
is demonstrated to enable complex bio-inspired programmable bending 
and curved shape-morphing by altering the heterogeneous distribution 
of NPR and PPR materials. A series of design examples are presented for 
demonstration.

In conclusion, this paper provides new insights into leveraging meta-

materials for soft robotic design, with promising applications in bio-

inspired soft robotics, including grasping, crawling, and more. Future 
research can explore several key directions:

Unit cell design: The design of unit cells for the robotic skin can 
be enhanced by incorporating novel configurations where stiffness and 
Poisson’s ratio are programmable as functions of applied strains through 
self-contact mechanisms [49,50]. This approach holds potential to en-

able the programming of the morphing shape evolution of pneumatic 
actuators simply through controlled inflation, allowing for precise ma-

nipulation of shape changes during the inflation process.

Experimental Techniques: The design principles revealed through our 
FEM simulations are expected to be applicable across a wide range of 
length scales, from millimeters to meters, due to the inherent scale in-

variance of the FEM models. This scale invariance arises because the 
bending behavior of the actuator is primarily dictated by the differences 
in stiffness and Poisson’s ratio between the NPR and PPR metamaterials 
of the robotic skin, which are determined by the microstructural geom-

etry rather than the material composition. As long as the stiffness ratio 
between the robotic skin and the inflatable tube remains within the rea-

sonable range discussed in the paper, the actuator’s mechanical behavior 
remains consistent irrespective of scale. Consequently, programming the 
performance of the soft actuators depends on the high-quality manu-

facture precision of the microstructural geometry of the metamaterial 
skins. Although the molding and casting method employed in this pa-

per limits the size of the actuators that can be fabricated, advanced 
manufacturing techniques, such as Digital Light Processing (DLP) and 
Fused Deposition Modeling (FDM), can be employed to fabricate both 
miniature and larger soft robots that conform to the proposed design 
principles [51–53], thereby broadening the versatility and applicability 
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of our approach across various soft robotic systems.
Materials & Design 246 (2024) 113334

Simulation and Optimization: In terms of simulations, this paper fo-

cuses on developing high-fidelity 3D FEM models to accurately capture 
the bending behavior of the actuators and to demonstrate the efficiency 
of using auxetic metamaterials as robotic skins for bending actuators. 
We acknowledge that future work could explore achieving complex 
programmable morphing behaviors in pneumatic actuators through an 
inverse optimization framework, which would require numerous sim-

ulations to design the geometric parameter distribution of the robotic 
skins [40]. For such problems, homogenization of the unit cell and 
multiscale analysis hold potential for enhancing computational effi-

ciency [54]. Specifically, homogenization can be used to determine 
effective macroscopic properties, such as anisotropic stiffness and Pois-

son’s ratio, of the unit cell. These properties can then be employed to 
model the robotic skin as a homogeneous material, thereby reducing 
computational costs while maintaining accuracy.
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I. GEOMETRY OF UNIT CELL

Fig. S1 provides a detailed representation of the beam thickness of the unit cell for both

the negative Poisson ratio (NPR) and positive Poisson ratio (PPR) metamaterials.

II. EXPERIMENT

Fig. S2 illustrate the experimental setup to measure the bending deformation of the

pneumatic actuator upon controlled air pumping. The soft actuator was connected to a

syringe pump (LSP01-3A, LongerPump, UK) to control the airflow at a low rate of 125

mL/min. A digital pressure gauge (YK-120B, Shelok, China), along with computer code, was

employed to monitor the air pressure within the actuators. Besides, a digital camera (SONY

α6000) was placed in front of the soft actuator to capture snapshots of the deformation

upon air pumping. The coordinates data of the boundary profile of the actuator were

extracted using the WebPlotDigitizer software. This tool allows for precise digitization of the

actuator’s boundary profile from experimental images, enabling accurate curvature fitting

for the deformation analysis.

III. MECHANICAL BEHAVIOR OF METAMATERIAL SKINS

To further characterize the mechanical behavior of the metamaterial-inspired robotic

skins, we conducted finite element (FE) simulations using the commercially available package

ABAQUS/Standard 2020. In all simulations, the models were discretized using three-

dimensional quadratic tetrahedral elements with a hybrid formulation (ABAQUS element

type: C3D10H). The cylindrical robotic skin was flattened into two dimensions and subjected

to uniaxial tension in the vertical and horizontal directions, respectively. The material

behavior was captured using a neo-Hookean material model with material properties detailed

in the manuscript. The implicit dynamics solver with the quasi-static option in ABAQUS

was employed to simulate the deformation process.

Fig. S3 illustrates the mechanical response of the robotic skin for Specimen-I as presented

in Fig. 4 in the manuscript. Fig. S3(A) presents the geometry of the robotic skin viewed

in planar view. Figs. S3(B) and S3(C) depict the reaction force in the y-direction and

displacement in the x-direction of the NPR and PPR metamaterials when subjected to y-
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directional displacement. Figs. S3(D) and S3(E) show the reaction force in the x-direction

and displacement in the y-direction of the NPR and PPR metamaterials when subjected to

x-directional displacement. It can be seen that the NPR metamaterial has a significantly

lower tension stiffness than the PPR metamaterial in both x- and y-directions. Additionally,

NPR exhibits a pronounced negative Poisson ratio in both directions, whereas PPR exhibits

a pronounced positive Poisson ratio in both directions.

Fig. S4 shows the effect of the number of unit cells in the vertical direction, denoted as

nv, on the mechanical response of the robotic skins. In these simulations, the longitudinal

length of the metamaterial is fixed as a constant L = 104.3 mm, and nv varies from

5, 7, to 9. Figs. S4(B) and S4(C) illustrate the reaction force in the y-direction and

displacement in the x-direction of the NPR and PPR metamaterials when subjected to

y-directional displacement. Figs. S4(D) and S4(E) depict the reaction force in the x-

direction and displacement in the y-direction of the NPR and PPR metamaterials when

subjected to x-directional displacement. It is observed that as nv increases, both the NPR

and PPR materials undergo a reduction in tension stiffness in the longitudinal direction,

while experiencing an increase in tension stiffness in the horizontal direction. Furthermore,

the NPR metamaterial experiences a significant decrease in the negative Poisson effect in

the longitudinal direction, but undergoes an increase in the negative Poisson effect in the

horizontal direction.

Fig. S5 shows the effect of the number of unit cells in the horizontal direction, denoted

as nh, on the mechanical response of the robotic skins. In these simulations, the horizontal

width of the metamaterial is fixed as a constant of 2πR, where R = 14.5 mm represents the

cross-sectional radius of the soft tube, and nh varies from 12, 16, to 20. Figs. S5(B) and S5(C)

illustrate the reaction force in the y-direction and displacement in the x-direction of the

NPR and PPR metamaterials when subjected to y-directional displacement. Figs. S5(D)

and S5(E) depict the reaction force in the x-direction and displacement in the y-direction

of the NPR and PPR metamaterials when subjected to x-directional displacement. It is

observed that as nh increases, both the NPR and PPR materials undergo an increase in

tension stiffness in the longitudinal direction, while experiencing a reduction in tension

stiffness in the horizontal direction. Moreover, the NPR metamaterial experiences an

increase in the negative Poisson effect in the longitudinal direction, but undergoes a decrease

in the negative Poisson effect in the horizontal direction.
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Fig. S6 illustrates the influence of the material modulus on the mechanical response of

the robotic skins. The geometric parameters for the metamaterial are consistent with those

presented in Table 1 of the manuscript. The initial shear modulus of the robotic skin is

set to α · µ, where α is the modulus ratio of the robotic skin to the soft tube, which varies

from 20, 50, to 80, and µ = 0.037 MPa represents the initial shear modulus of the soft

tube. It is shown that as the modulus of the skin material increases, both the NPR and

PPR metamaterials become proportionally stiffer in both the longitudinal and horizontal

directions, while the Poisson effect remains almost unchanged.

IV. DESIGN OF SOFT ACTUATORS WITH PROGRAMMABLE BENDING

RESPONSE

We now explore the potential for achieving more intricate programmable bending with

the metamaterial skins. This section presents several examples demonstrated through our

FE simulations. In all these examples, the geometric parameters of the NPR and PPR

metamaterial unit cells align with those listed in Table 1 of the manuscript. Only the

parameters cg, nv, and nh are adjusted as needed.

Fig.S7 showcases the design of a soft actuator replicating the bending motion of a human

finger. This actuator consists of three segments connected in series, each characterized

by different cg values, enabling a variation in bending curvature along its longitudinal

direction. Fig.S8 illustrates two soft actuators mimicking the in-plane bending and out-

of-plane twisting of an elephant’s trunk, achieved through the heterogeneous distribution of

NPR and PPR metamaterials. Figs.S9-S11 depict the design of three English characters,

”S”, ”C”, and ”U”, showcasing the shape-morphing capability of the proposed concept.

Fig. S12 displays a soft actuator resembling the complex bending of octopus tentacles,

achieved through a combination of tuning bending curvature and hoop expansion. The

actuator transforms from an initially cylindrical shape to a conical shape with intricate

bending upon inflation.
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Figure S1: Comprehensive schematic of the unit cell showing the beam thickness. (a) Negative

Poisson ratio (NPR) unit cell. (b) Positive Poisson ratio (PPR) unit cell.

Figure S2: Experimental setup for measuring the deformation of the actuator under controlled

inflation volume and pressure. The soft actuator is connected to a digital pressure gauge for

precise pressure measurement and a syringe pump for controlled air volume delivery. Besides, a

digital camera is used to capture deformation snapshots of the actuator.
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Figure S3: Mechanical response of mechanical metamaterials under uniaxial tension. (A) Robotic

skin of Specimen-I viewed in planar orientation. The left NPR and right PPR metamaterials

undergo uniaxial tension along the x- and y-directions, respectively. (B) and (C) depict the reaction

force in the y-direction and displacement in the x-direction of the NPR and PPR metamaterials

when subjected to y-directional displacement. (D) and (E) show the reaction force in the x-

direction and displacement in the y-direction of the NPR and PPR metamaterials when subjected

to x-directional displacement. In this and the following figures, NPR and PPR metamaterials are

represented by blue and red colors, respectively.

V. MOVIE CAPTIONS

Movie S1 Bending response of Specimen-I: experiment vs FE simulation.
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Figure S4: Effect of the number of unit cells in the vertical direction, denoted as nv, on the

mechanical response of the robotic skins. (A) The longitudinal length of the metamaterial is fixed

as a constant L = 104.3 mm, and nv varies from 5, 7, to 9. (B) and (C) illustrate the reaction force

in the y-direction and displacement in the x-direction of the NPR and PPR metamaterials when

subjected to y-directional displacement. (D) and (E) depict the reaction force in the x-direction

and displacement in the y-direction of the NPR and PPR metamaterials when subjected to x-

directional displacement.
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Figure S5: Effect of the number of unit cells in the horizontal direction, denoted as nh, on the

mechanical response of the robotic skins. (A) The horizontal width of the metamaterial is fixed as

a constant of 2πR, where R = 14.5 mm is the cross-sectional radius of the soft tube, and nh varies

from 12, 16, to 20. (B) and (C) illustrate the reaction force in the y-direction and displacement in

the x-direction of the NPR and PPR metamaterials when subjected to y-directional displacement.

(D) and (E) depict the reaction force in the x-direction and displacement in the y-direction of the

NPR and PPR metamaterials when subjected to x-directional displacement.
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Figure S6: Effect of the initial shear modulus of the material on the mechanical response of the

robotic skins. (A) The initial shear modulus of the skin material is set to α · µ, where α is the

modulus ratio of the robotic skin to the soft tube, which varies from 20, 50, to 80, and µ = 0.037

MPa represents the initial shear modulus of the soft tube. (B) and (C) illustrate the reaction force

in the y-direction and displacement in the x-direction of the NPR and PPR metamaterials when

subjected to y-directional displacement. (D) and (E) depict the reaction force in the x-direction

and displacement in the y-direction of the NPR and PPR metamaterials when subjected to x-

directional displacement.
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Figure S7: Design of a soft actuator mimicking the bending of a human finger. (A) Schematic

of the metamaterial skin in planar view, featuring three segments connected in series. (B)-(D)

Segments I, II, and III are characterized by cg values of 0.2, 0.4, and 0.5, respectively. (E)-(F) The

deformation snapshots and stress distributions for both the inflatable tube and the metamaterial

skins illustrating bending variations along the longitudinal direction resulting from geometric design

variations of the robotic skin. The deformation is achieved by inflating the actuator with an air

pressure of 28 kPa.
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Figure S8: Design of two soft actuators mimicking the in-plane bending and out-of-plane twisting

of an elephant’s trunk. (A) Planar schematic of the metamaterial skin for the in-plane bending

actuator, consisting of two segments connected in series. (B)-(C) Segments I and II feature an

inverse arrangement of the NPR and PPR materials. Segment I has NPR on the right and

PPR on the left, while Segment II has NPR on the left and PPR on the right. (D)-(E) The

deformation snapshots and stress distributions for both the inflatable tube and the metamaterial

skins illustrating reverse in-plane bending along the longitudinal direction. The deformation is

achieved by inflating the actuator with an air pressure of 28 kPa. (F) Planar schematic of the

metamaterial skin for the out-of-plane twisting actuator, also comprising two segments connected

in series. (G)-(H) Segments I and II feature a different arrangement of the NPR and PPR materials.

Segment I has NPR on the left and PPR on the right, while Segment II has NPR in the middle

and PPR on the two sides. (I)-(J) The deformation snapshots and stress distributions for both the

inflatable tube and the metamaterial skins illustrating out-of-plane twisting of the actuator. The

deformation is achieved by inflating the actuator with an air pressure of 28 kPa.
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Figure S9: Design of a soft actuator mimicking customized English character ”S” shape. (A) Planar

schematic of the metamaterial skin for the ”S” shape-morphing actuator. It is similar to the in-

plane bending of the elephant’s trunk. (B)-(C) Segments I and II feature an inverse arrangement

of the NPR and PPR materials. Segment I has NPR on the left and PPR on the right, while

Segment II has NPR on the right and PPR on the left. (D)-(E) The deformation snapshots and

stress distributions for both the inflatable tube and the metamaterial skins illustrating ”S” shape

under inflation. The deformation is achieved by inflating the actuator with an air pressure of 28

kPa.

12



Figure S10: Design of a soft actuator mimicking a customized English character ”C” shape. (A)

Planar schematic of the metamaterial skin for the ”C” shape-morphing actuator, comprising two

identical segments connected in series. (B)-(C) Segments I and II feature an identical arrangement

of the NPR and PPR materials, with NPR on the left and PPR on the right. (D)-(E) The

deformation snapshots and stress distributions for both the inflatable tube and the metamaterial

skins illustrating the ”C” shape under inflation. The deformation is achieved by inflating the

actuator with an air pressure of 28 kPa.
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Figure S11: Design of a soft actuator mimicking a customized English character ”U” shape. (A)

Planar schematic of the metamaterial skin for the ”U” shape-morphing actuator, consisting of

three segments connected in series. (B)-(D) Segments I and III feature an identical arrangement of

the NPR and PPR materials, with NPR on the left and PPR on the right, with cg = 0.5. Segment

II features a similar arrangement of the NPR and PPR materials, with cg = 0.2. (E)-(F) The

deformation snapshots and stress distributions for both the inflatable tube and the metamaterial

skins illustrating the ”U” shape under inflation. The deformation is achieved by inflating the

actuator with an air pressure of 30 kPa.
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Figure S12: Design of a soft actuator mimicking the complex bending of octopus tentacles. (A)

Planar schematic of the metamaterial skin for the octopus tentacle-inspired actuator, consisting of

five segments connected in series. (B) Arrangement of the segments from the top to the bottom.

(C)-(D) The deformation snapshots and stress distributions for both the inflatable tube and the

metamaterial skins illustrating the bending shape of the actuator under inflation. The deformation

is achieved by inflating the actuator with an air pressure of 25 kPa.
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