
  

  

Abstract—This paper presents a novel pneumatic artificial 

muscle (PAM) that is able to generate a high payload and 

buckling pressure. The proposed actuator exploits open-cell 

foam, and 0.8 mm thick rigid rings to reinforce structure 

stiffness, and to implement stable contraction under 

depressurization. All components are embedded in a sealing 

elastomeric skin. The actuator can support 6.8 N of external load, 

which is 34.5 times greater than its own weight (20g). When 

depressurized, the actuator deforms stably, without buckling. 

The results of the preliminary experimental analysis show that 

it is able to contract up to 51.8% upon -80 kPa, with a 5.6% 

hysteresis for pressure vs. contraction ratio. Moreover, a quasi-

static model is proposed to estimate the actuator blocking force, 

of which the measured maximum value is 32.7 N at -80 kPa 

vacuum. The presented actuator shows repeatable and reliable 

performance, providing a promising soft material solution for 

pneumatic driven movement. 

 
Keywords—pneumatic artificial muscles (PAMs), vacuum 
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I. INTRODUCTION 

In the last decade, soft robotics has shown promising 
developments to achieve new capabilities, including safe 
interaction with humans. [1-4]. The implementation of soft 
movements is paramount to perform new tasks in the 
environment, and many soft actuators have been investigated  
with different mechanisms (i.e., Bowden cables [5], 
piezoelectric actuators [6], Dielectric Elastomer Actuators 
(DEA) [7], shape memory alloys or polymers [8, 9], ionic 
polymers [10], and pneumatic actuators [11]). Among them, 
pneumatic actuation is a versatile, feasible and cost-effective 
technology for compliant motion, even though it requires 
bulky air compressors [12, 13]. Pneumatic Artificial Muscles 
(PAMs) are robust, have high power to mass ratio and high 
energy efficiency, with a high pulling force. Furthermore, the 
fabrication of the molds with complex 3D geometries needed 
to build the soft actuators became easy and fast by means of 
additive manufacturing techniques. The latter, indeed, can be 
used to directly fabricate the actuators themselves by carefully 
tuning the printing parameters for soft materials [14, 15]. 
Nevertheless, the main challenges in PAMs development are 

 

 
 

to achieve large pulling force, deformation, and fast response 
[16, 17].  

The large actuating force, with large contraction or 
elongation ratio, generally depends on the mechanical 
behavior of the constituent materials. McKibben actuators 
with linear contractions were developed not only by reducing 
the actuator mass, but also by increasing the input power. An 
example is given by an actuator consisting of a cylindrical 
flexible rubber or silicone bladder, sheathed with an 
inextensible fiber network [18, 19]. The inextensible threads 
in the sheath were bonded on the surface of the elastomeric 
bladder. In this case, the actuators’ performance depends on 
both the materials properties of the elastomers and the 
arrangement of the inextensible fibers. Accordingly, by 
arranging the fibers at an optimal angle and integrating typical 
elastomers, McKibben actuators can generate large pulling 
forces (from about one to few hundred N), with large 
contraction and/or elongation ratios (< 30%) [20- 22].  

Combinations of different materials can also be adopted in 
order to develop origami-inspired and reconfigurable actuators.  
Various technologies have been used to obtain excellent 
performance, and to ease the fabrication complexity. For 
example, Lee et. al., presented an origami-based vacuum 
pneumatic actuator (OV-PAM) using a Polyvinyl chloride 
(PVC) film, which generated an extremely large force of 400 
N with 90% of contraction ratio [23]. Similarly, Li et. al., 
developed a longitudinal muscle using a Thermoplastic 
polyurethane (TPU) coated with nylon fabric [24]. Although 
the Young’s modulus of the employed materials is generally 
greater than the elastomers, re-configurability was enabled by 
making foldable lines on the rigid, but thin material layers [25, 
26]. However, this solution was too compliant and unreliable 
for repeated actuation cycles because of stress concentration 
along the folds and vertices. To release and distribute these 
stresses, specific hole patterning was employed (this also 
being useful for structure reinforcement) [25]. However, such 
patterning can cause the structure to be easily fractured by an 
externally applied force, and at the same time it makes PAMs 
implementation challenging.  

In the meanwhile, novel flexible structures using 
elastomers, such as silicone rubber or flexible resin were 
proposed for artificial muscles [14, 27-30]. Among them, the 
bellow is one of the most promising structures, since it can 
generate a large contraction ratio with a light weight, and it has 
been widely exploited in soft robotics [14, 28, 29]. Charbel 
Tawk et. al., presented a linear soft vacuum actuator (LSOVA) 
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that was fabricated by 3D printing [14]. One of the versions 
(5C-LSOVA) was able to contract up to 51.5 % with 27.66 N 
blocking force, but a large hysteresis occurred because of the 
buckling of the thin walls. The thin wall was also the reason 
why the structure could not support a high external 
force/weight. On the other hand, a Hyper-Elastic Bellow (HEB) 
actuator was developed by Digumarti et. al., who used both a 
positive and negative pressure to implement large 
deformations [29]. They demonstrated that the HEB can 
achieve a total length change of 450%, with 80% deformation 
in a radial direction. In summary, such bellow structures are 
much softer than those previously mentioned. However, as 
expected, generally the consequences are not only a high 
hysteresis, but also non-linear deformations. In particular, 
usually, the resulting actuator is too delicate to support its own 
weight by the principle of the square-cube law. Namely, if the 
structure’s volume is increased (i.e., in order to maintain its 
own weight), the flexibility of the structure decreases. 
Furthermore, this causes undesired deformations (i.e., 
buckling), even if small external forces are imposed. To 
reinforce the structure stability and maintain the same 
elasticity, in previous studies composite materials have been 
used [24, 31]. However, enhancing stiffness can dramatically 
affect the mechanical behavior of actuator, especially because 
this implies an increase of the overall weight, with a 
consequent decrease in energy efficiency. 

In this work, we address these issues and investigate the 
design factors needed to achieve a reinforced structure but 
keeping weight ultralight. We design, build and test a novel 
pneumatic artificial muscle based on open-cell foam with 
improved axial stiffness, which is capable of generating a large 
blocking force with a high contraction ratio.  

 

II. DESIGN AND FABRICATION  

Foams have promising characteristics (e.g., extremely 
large deformation, high elasticity, ultralight, etc.) for 
developing actuation in soft robotics [21]. Foams are typically 
classified as closed or open cell, according to the configuration 
of the air cells. In case of closed-cell foams, the air cells are 
not tangled, like instead happens for the open-cell type (as 
shown in Fig. 1(b)). In the latter case, upon depressurization, 
the air cells are compressed, and ultimately, the deformation 
of the structure occurs. Therefore, the mechanical behavior of 
the open-cell foam must be evaluated, in order to properly 
integrate it in the actuator.  

A. Mechanical behavior of the open-cell foam 

The experimental setup shown in Fig. 1(a) was used to 
investigate the mechanical behavior of open-cell foam 
(commercial Polyurethane (PU) foam, 24”x24”x0.5”). It 
integrates a single-axis load cell (FSH00103, FUTEK, CA, 
USA) to measure the applied force, and a motorized linear 
stage (M-111.1DG1, Physik Instrumente, Germany). A plastic 
cylindrical indenter (25 mm diameter, 10 mm thickness) was 
used to distribute pressure uniformly on the top surface of the 
foam samples. The foam samples had a diameter of 20 mm, 
and 25.5 mm in length. A LabView program was developed 
for both the data acquisition via NI USB 6218 (National 
Instruments, TX, USA), and the control of the motor stage. 
The loading/unloading cycle experiments were repeated 10 

times. As plotted in the graphs of Fig.1(c), the foam behavior 
was highly viscoelastic (confirming previous results [32, 33]). 
Three main regimes can be identified: linear elastic region (A); 
plateau region (B); and, densification region (C). During 
testing, the foam did not show any sign of failure, even though 
it was compressed up to 57%. On the other hand, the hysteresis 
was extremely large. Several studies focused on foam response 
to different strain, porosity, and temperature [34-36]. In our 
case, the maximum stress and strain are key parameters for 
designing the actuator. In addition, we investigated the 
reliability of the open-cell foam by performing 200 cycling 
tests for 6 hours, as shown in Fig. 1(d). Results show a 
hysteresis loss after 200 cycles, while the maximum stress 
value induced by strain remains almost unchanged. 

B. Design and fabrication of the PAM 

The PAM was implemented with a bellow architecture and 
an enveloping skin. The following requirements were 
considered:  

1. The soft skin enveloping the foam-based structure should 
be made of soft elastomers and able to reach relatively 
large contraction ratio (up to 50%); 

2. The actuator should be ultralight, and able to lift very 
heavy payload compared to its own weight (at least 10 
times);  

3. The fabrication should be low-cost and repeatable; 

4. The actuator should have a short response time; 

5. The deformation of the structure should be predictable by 
applying both external and internal stimulations (i.e. 
load/weights, vacuum or pneumatic pressure). 

 

Fig. 1. Compression test of the open-cell foam: (a) experimental setup; (b) 

image of foam surface taken by digital microscope; (c) strain-stress curve of 

10 cycle test (A. Linear elastic region, B. Plateau region, C. Densification 

region); (d) extrapolated 2nd and 200th cycle test results. 



  

A conventional bellow structure can be usually actuated by 
negative or positive pressure. In this study, our objective was 
to design an actuator working with negative pressure, in order 
to elicit a fast response, as well as to simplify the control 
system. However, the axial stiffness of such actuator is 
generally too low for the PAM to support external loads, 
including its own weight. Therefore, the mechanical behavior 
must be investigated.  

Two types of PAMs were considered in this analysis: Type 
1 was represented by prototypes that did not integrate any rigid 
ring (but just open-cell foam and elastomeric skin); Type 2 was 
represented by hybrid prototypes, as shown in Fig.3(a), which 
integrated both soft and rigid rings. 

The main steps of the fabrication process are shown in 
Fig.2. Symmetrical wax molds were fabricated by 3D printer 
machine (ProJet MJP 3600, 3D printer, Inc.), and used to 
fabricate the skin with a thickness of 1 mm with Dragon Skin 
30 (Shore 30 A, Smooth-On Inc., Easton, PA, USA). The 
open-cell foam cylinders (n. 4 having 20 mm diameter, 12.4 
mm length; 3 having 11 mm diameter, 6.2 mm length), and 5 
rigid rings (28.5 mm diameter, 0.8 mm thick) were patterned 
by a 2D laser cutter (Versa LASER VLS 3.5). As shown in 
Fig.2(a), the inner structure was built by bonding all the 
components by Sil-Poxy (Smooth-On Inc., SIL-Poxy®  
adhesive). Because the foam absorbs silicone, the skin parts 
were bonded to the inner structure by brushing the same 
silicone material of the skin (Dragon Skin 30). After curing of 
the silicone, both sides were brushed again to bond the two 
halves of the skin together, as shown in Fig.2(b).  

 

III. STRUCTURAL ANALYSIS 

A. Buckling analysis 

The methodology consisted in deriving experimentally the 
axial stiffness for each type of PAM. Typically, the buckling 
and/or squirm deformation of bellows occurs for an 
overwhelming compression load. This failure represents the 
column squirm failure due to insufficient stiffness. Such an 
undesired deformation causes not only inaccurate control of 
the structure, but also non-linear behavior of the actuator. 

Therefore, the critical load to cause buckling had to be 
evaluated to ensure reliable and stable operation of the 
proposed actuator.  

From a theoretical point of view, the bending stiffness of 
the bellow Cbg is proportional to the axial stiffness [37-39], 
which can be derived as Eq. (1).  

Cbg = 𝐸𝐼 =
𝐷𝑚
2 ∙ ℎ

8
𝑓𝑖𝑢  (1) 

 where E and I are the Young’s modulus of material and 
the moment inertial of structure, respectively; fiu refers to the 
axial stiffness, and Dm and h are the mean diameter and pitch, 

 

 

 

Fig. 2. Fabrication procedure for the artificial muscle: (a) assembly the foam 

and the rigid mask with the cured elastomeric skin (Dragon Skin 00-30); (d) 

bonding the skin with the assembled structure. 

 

Fig. 3. Experimental results of PAM Type 1 (without rigid rings) and PAM 

Type 2 (with rigid rings): (a) image showing the fabricated PAM Type 2; 

(b) PAM Type 2 with vacuum applied; (c) image showing the compression 

testing at 45% of compression rate; (d) cyclic compression test results; (e) 

axial stiffness linearly interpolated by LSM (dashed curves) for the 2nd 

loading/unloading cycle. 



  

respectively. Then, the buckling pressure (Pc) can be described 
by: 

𝑃𝑐 =
𝜋 ∙ 𝐶𝑏𝑔
𝐷𝑚
2 ∙ ℎ2

=
𝜋

8ℎ
𝑓𝑖𝑢  (2) 

From an experimental point of view, 𝑓𝑖𝑢  can be derived 
from the average slope of loading-unloading curves. These 
were obtained for each PAM type by cyclic compression tests, 
and performed by means of a Zwick/Roell Z005 materials 
testing machine (Ulm, Germany). As indicated in in Fig.3(d), 
PAM Type 2 has relatively small hysteresis, and much higher 
axial stiffness.  

In order to derive the axial stiffness fiu from experimental 
cyclic compression data, a linear numerical fitting (Least 
Square Method) was performed, as shown in Fig.3(e) (plotted 
in dashed lines). It was assumed that the relation between the 
strain and the average slope provides the axial stiffness of the 
viscoelastic structure. Then, these values were used in Eq. (1) 
and (2) to derive the bending stiffness (Cbg) and the buckling 
pressure (Pc), respectively. In addition, Pc can also be derived 
experimentally, by observing when the structure starts to 
buckle during compression tests. Videos were recorded to 
extract the buckling pressure at the moment when the structure 
just began to squirm (see the supplementary video). The two 
theoretical buckling pressures (Pc,theo) were compared with 
their experimental correspondent value (Pc,exp) by means of the 
above method. The error rates were around 0.57% and 1.86%, 
for PAMs Type 1 and Type 2, respectively. Furthermore, when 
the prototypes were fully contracted by depressurization using 
a syringe, Type 2 showed a uniform deformation, without any 
buckling, compared to Type 1, as illustrated in Fig. 3(b).   

 Hence, this indicated that Type 2 had an improved axial 
stiffness compared to Type 1. All key parameters to compare 
the performance of the hybrid versus the entirely soft PAM 
are summarized in Table 1. 

In summary, results show that the proposed Ultralight 
Hybrid Pneumatic Artificial Muscles (UH-PAMs) Type 2 can 
support 6.8 N axially, which is 34.5 times greater than its own 

weight (20g). In addition, 4.9 kPa buckling pressure of Type 2 
is higher than that of Type 1 by 30%.  

  

B. Quasi-static model to approximate blocking force 

The mechanical behavior of the proposed actuator can be 
approximated using a quasi-static model [14, 23]. The main 
assumption, as illustrated in Fig.4 is that the distributed 
pressure acting on the inner wall of the structure is equal to 
the weight that the muscle can lift:  

−𝐹 ∙ 𝑑ℎ = 𝑃 ∙ 𝑑𝑣 (3) 

where F and dh are the blocking force owing to the applied 
vacuum pressure, and linear displacement, respectively. 
Otherwise, P and dv are the gauge pressure and the change in 
the volume of the actuator, respectively. Here, the friction 
between the foam and structure, and the density and the 
viscosity of working fluid are neglected.  

 To derive the function of compressive force with respect 
to the displacement, the arc-length of an ellipse (l) is 
approximated as the initial circular length (l0=πr). The length 
of the major axis α can be approximated as  

𝛼 ≅ √(
2𝑙0

2

𝜋2
−
ℎ2

4
) (4) 

Then, its differential equation, which indicates the ratio of 
the contraction in radial and longitudinal directions CR, can be 
written as 

𝐶𝑅 =
𝑑𝛼

𝑑ℎ
= −

1

4
ℎ

1

√(
2𝑙0

2

𝜋2 −
ℎ2

4
)

= −
ℎ

4𝛼
 

(5) 

Therefore, the volume variation of the single convoluted 
cell as a function of the displacement can be written by the 
partial differentiation 

𝑑𝑣

𝑑ℎ
=
𝜋𝐷2

8
−
2𝜋

3
𝛼ℎ ∙

𝑑𝛼

𝑑ℎ
−
𝜋

3
𝛼2 (6) 

 

Fig. 4. Parameters of the artificial muscle for quasi-static model: (a) 

side views of single segment at initial (a) and at compressed (b) state; 

(c) schematics of fully assembled artificial muscle. 

TABLE I.  DESIGN PARAMETERS AND RESULTS OF THE BUCKLING 

ANALYSIS 

Nomenclature Dimension Type 1 Type 2 

Diameter (D) [mm] 42 

Mean Diameter (Dm) [mm] 33.5 

Pitch (h) [mm] 17 

Radius of curvature (r) [mm] 8.5 

Number of 

convoltions [n] 
[turns] 4 

Total length (H) [mm] 72 

Axial stiffness (fiu) [N/mm] 0.1673 0.20779 

Bending stiffness (Cbg) [N∙mm2] 398.974 495.534 

Theoretical buckling 

pressure (Pc,theo) 
[kPa] 3.865 4.80 

Experimental buckling 

pressure (Pc,exp) 
[kPa] 3.760 4.891 

Error rate (e) [%] 2.788 1.859 

 



  

Finally, by substituting Eq. (5) and (6), the blocking force 
as a function of displacement h can be derived as 

𝐹(ℎ) = −𝑃 ∙
𝑑𝑣

𝑑ℎ
= −𝑃 ∙ [

𝜋𝐷2

8
+
𝜋ℎ2

6
−
𝜋

3
𝛼2] (7) 

 

C. Characterization of UH-PAM 

 The actuator’s behavior was characterized experimentally, 
and compared with the quasi-static numerical model described 
in the aforementioned section.  

An experimental setup was built to measure the contraction 
ratio and the blocking force. The pressure for the artificial 
muscle actuation was tuned by a vacuum flow regulator 
(ITV0090, SMC corporation), with a maximum vacuum of 
100 mbar generated by a vacuum pump (Diaphragm Vacuum 
Pumps and compressor, N022 AN.18, KNF LAB). The data 
acquisition and analog signal output were implemented by 
DAQ6218 (National Instruments, TX, USA). The kinematic 
characteristics of the actuator were obtained by AURORA 
tracking system (AURORA®  EM), which records 6 degrees-
of-freedom through a localization probe (Northern Digital 
Inc.). To investigate the blocking force delivered by the 
artificial muscle, both rigid terminals of the muscle were 
clamped, as shown in Fig.6, with the actuator at the un-
pressurized state. Then, the force was measured using a load 
cell (Zwick/Roell Xforce Load cell, F max 50 N, 3001493, 
Ulm, Germany) and increasing the vacuum pressure from 0 
kPa to -80 kPa, with steps of -5 kPa. 

 

IV. RESULTS 

Static characteristics; The proposed UH-PAM can 
produce relatively large displacement at small pressure (<20 
kPa), similarly to some of the reported PAM [11, 23, 29]. 
Furthermore, the UH-PAM is capable of a contraction ratio up 
to 51.8% at -80 kPa, and showed non-linear behavior for the 
pressure ranging from 0 to -80 kPa, as shown in Fig.5. The 
pressure curve (function of the contraction ratio) shows a 
hysteresis of 5.6%, which is much smaller than currently 
reported soft actuators (i.e. over 75%) [14]. 

Blocking force; Fig.6 shows that the blocking force is 
linearly proportional to the applied vacuum pressure, with a 
maximum blocking force of 32.7 N at -80 kPa. Indeed, the 
agreement between experimental data (black squared marks) 
and the quasi-static model (red dashed line) is very good, with 

an error less than 10.4 % up to -65 kPa, and a maximum error 
of 27.4% at -80 kPa. This indicates that the assumption of 
constant arc-length of ellipse in the quasi-static model is 
suitable. 

V. CONCLUSION 

In this paper, we investigated the mechanical behavior of 
UH-PAM based on open-cell foams. The foam viscoelastic 
behavior in compression dominantly affects the mechanical 
behavior of the actuator. Consequently, the contraction ratio, 
as a function of the vacuum pressure, has a non-linear 
behavior. We analyzed the buckling pressure causing lateral 
squirmed deformation, and concluded that the proposed 
muscle could support about 6.8 N of external load, which is 
around 34.5 times of its own weight (20 g). Furthermore, the 
rigid rings were employed to prevent not only the lateral 
squirm deformation of the structure, but also to reduce its 
hysteresis. In particular, the axial stiffness and the bending 
stiffness of the UH-PAM were increased by 24.2%, compared 
with PAM without rigid rings. Based on a quasi-static model, 
we estimated the blocking force of the UH-PAM as a function 
of the vacuum pressure. The maximum blocking force of the 
actuator is 32.7 N, which is more than 166 times its own 
weight.  

In summary, the proposed UH-PAM shows promising 
characteristics that could be exploited in several applications. 
One of the potentialities of this approach is the possibility, in 
a near future, to integrate foam-based deformation sensing 
[40], in order to enable closed-loop control. 

The results of this work show that the UH-PAM exhibits 
large contraction upon application of vacuum pressure, while 
at the same time, it can support external force/weight with a 
high buckling pressure. Starting from these encouraging 
results, more comprehensive studies on the bellow skin and 
on the composite structure will be conducted. They will focus 
on the mechanical behavior of the UH-PAM, exploiting 
different elastomeric materials, foams and rigid rings, both 
experimentally and through numerical simulations. Based on 
the above evaluation and optimization, a complete 
investigation under different conditions will be performed, 
and the UH-PAMs will be integrated in soft robots and 
manipulators, to demonstrate their feasibility for such 
applications.  

 

Fig. 5.  Contraction ratio as a function of vacuum pressure for loading and 

un-loading cycle.  

 

Fig. 6. Experimental (black square marked line) and theoretical (red dashed 

line) blocking force under vacuum pressure from 0 to -80 kPa.  
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