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Abstract: With the ongoing research on soft robots, the performance of soft actuators needs to be
enhanced for more wide robotic applications. Currently, most soft robots based on pneumatic ac-
tuation are capable of assisting small systems, but they are not fully suited for supporting joints
requiring large force and range of motion. This is due to the actuation characteristics of the pneumatic
artificial muscle (PAM); they are relatively slow, inefficient, and experience a significant force reduc-
tion when the PAM contracts. Hence, we propose a novel PAM based on a spring-frame collateral
compression mechanism. With only a single compressed air source, the external mesh-covered and
inner spring-frame actuators of the proposed PAM operate simultaneously to generate considerable
force. Additionally, the design of the internal actuator within the void space of PAM reduces the
air consumption and consequently improves the actuator’s operating speed and efficiency. We
experimentally confirmed that the proposed PAM exhibited 31.2% greater force, was 25.6% faster, and
consumed 21.5% lower air compared to the conventional McKibben muscles. The performance en-
hancement of the proposed PAM improves the performance of soft robots, allowing the development
of more compact robots with greater assistive range.

Keywords: power efficient; soft pneumatic actuator; soft wearable robot

1. Introduction

In the field of robots, various studies have been recently researched, such as collabora-
tive mobile robots that can interact with humans to improve their quality of life [1–3]. Soft
pneumatic artificial muscles (PAMs) in particular, are widely being researched for mobile
robots because of their relatively safe and high force-to-weight ratio characteristics [4–8].
Owing to the back drivable actuation characteristics, soft PAMs afford inherent safety [9].
In addition, their high force-to-weight ratio makes them a strong candidate for safe human–
robot interactive tasks due to the minimization of the mass and inertia of the end–effector
of robots [10]. Owing to these unique characteristics, soft PAMs have potential in the field
soft robots [11–13].

Despite their advantages, soft PAMs cannot be easily adopted to an auxiliary system
requiring large actuation stroke and force [14–16]. This is because the actuation force
of PAMs decreases significantly with respect to the actuation stroke, thus making them
inapplicable to large range of motion (RoM) systems [17]. Moreover, pneumatic actuators
generally necessitate excessive overheads for input energy sources (compressed air), such
as large air compressors, regulators, etc. These characteristics of PAMs further complicate
their applicability for mobile soft robots [18,19].

Therefore, to implement soft PAMs in mobile soft robots, their actuation characteristics
must be further improved.

(1) Actuation force: Actuation force of conventional PAMs decreases with increasing
actuation stroke (PAM contraction). Although using conventional PAMs with large volume
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or length can be a possible solution, this will significantly increase the overall volume of the
wearable robot. Thus, the actuation force within the desired actuation stroke range of the
PAMs must be increased while maintaining their size. Han et al. proposed high-contraction
ratio PAM (HCRPAM) with a bellow structure for achieving 29.7% higher shrinkage ratio
and 37% larger force than the similar size of conventional McKibben PAM. However, they
did not thoroughly analyze the actuation efficiency of the HCRPAM [20]. Moreover, Moser
developed toroidal soft actuator with additional vacuum-style bellow which increased the
contraction force 45% higher than the same volume of conventional PAM, but the sphere
inner structure limited the overall contraction length [21].

(2) Actuation speed: Soft PAMs can exert large actuation forces, but they exhibit
relatively slower responses compared to electric actuators. However, to support users in
their daily lives, their response time must be enhanced for high control performance. In
order to address this issue, Xie et al. developed a high-speed PAM with a response speed
that reached 100 Hz by reducing the amount of air consumption required for actuation [22].
Although the actuation speed of the proposed PAM was enhanced, their PAM afforded
limited actuation force compared to its volume.

(3) Actuation efficiency: Actuation efficiency is a crucial factor determining the perfor-
mance of mobile wearable robots. With insufficient actuation efficiency, a robotic system
would require large actuators to exert a high force; thus, it is desirable for soft PAMs to
exhibit high efficiency. Meller et al. developed a bundle-type actuator to improve the
actuation efficiency up to 46% by selectively operating the number of internal muscles
with respect to the required force [23]. However, they did not enhance the actuator perfor-
mance. Additionally, Ogawa et al. proposed pneumatic gel muscle (PGM) which actuate
by very low air pressure without external energy source [24]. Although PGM can assist
human motion with very low energy, the assistance of high-speed motion is limited by
actuator performance.

To address these issues, we propose a novel spring-frame collateral compression
(SFCC) mechanism. SFCC mechanism comprises an external actuator and internal actuator,
working simultaneously with a single compressed air source. Considering the interaction
between the external and internal actuators, we adjusted the design parameters to mini-
mize the interference between each other. Additionally, a spring was added to the internal
actuator to remove the buckling. The SFCC mechanism designed herein has the following
advantages: (1) it generates a higher actuation force than conventional actuators via collat-
eral actuation between the external and internal actuators. It affords better (2) actuation
speed and (3) actuation efficiency than conventional PAMs by reducing the amount of air
required by minimizing the wasted space within the external actuator. Thus, the proposed
SFCC PAM is expected to broaden the applicability of soft wearable robots for daily use.

2. Design and Fabrication
2.1. Design

The proposed mechanism primarily aims to enhance the actuator performance by
collaterally actuating both the internal and external actuators via a single energy source
(compressed air). Figure 1 presents the detailed schematic of the internal and external
actuators.

2.1.1. External Mesh-Covered Actuator

First, the external mesh-covered actuator (i.e., external actuator) must exert a high
actuation force with sufficient actuation speed for wearable robot applications. Like the
conventional McKibben muscle, the external actuator consists of an elastomer tube to exert
a contraction force in the longitudinal direction and the braided mesh to limit the volume
expansion. Numerous studies have attempted to enhance the force density of PAMs, but
McKibben muscles are thought to be the most practical solution for various types of robotic
systems [25]. To obtain the desired actuation performance, McKibben muscles are desirable
due to high force density, safety, simplicity, lightweight, etc. However, once compressed air
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is inserted into a McKibben muscle, the latex tube expands and further increases the wasted
space. Thus, we designed an internal spring-frame actuator (i.e., internal actuator) to utilize
the wasted space and subsequently enhance the actuation performance of the PAMs.
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Figure 1. (a) An illustration of the external and internal structure of the SFCCM PAM. (b) A conceptual
representation of the SFCCM PAM. While the compressed air pressurizes the external chamber, the
air in the internal chamber adjusts exhaust to the atmospheric level by exhausting through the
independent air holes.

Next, in order to actuate the external actuator with the internal actuator, both actuators
must be simultaneously contracted once pressurized. This is made possible by allowing the
internal actuator to contract by the air pressure of the external chamber. If the contraction
length of the external actuator is designed to be longer than the internal actuator, the
internal actuator will contract to a maximum contraction length prior to the contraction
length of the external actuator. Once this happens, the external actuator will cause SFCC
PAM to be slacked (loosened state with uncontrollable manner) and interfere with the
actuation performance of each other. Thus, the contraction length of the external actuator
must be designed to be shorter than the internal actuator.

2.1.2. Inner Spring-Frame Actuator

Unlike conventional vacuum actuators, the internal actuator is designed to operate by
increasing the external pressure and subsequently reducing the relative internal pressure of
the actuator. When the pressure of the outer chamber increases, force is applied to the inner
chamber and consequently contracts the inner chamber. Here, the pressurized air within
the inner chamber is exhausted, and the internal pressure is maintained at the atmospheric
level. Since the internal actuator contracts due to the pressure difference between the
external and internal chambers, the internal actuator can exert a higher force than the
conventional vacuum actuators.

Although the working principle of the internal actuator is similar to that of conven-
tional vacuum actuators, the internal actuator was more susceptible to buckling because
pressure was applied via the external chamber. Previous studies used a toroidal sphere to
suppress the buckling, but the contraction length is limited due to the sphere volume [21].
Thus, to address the buckling issue, an elastic element needs to be added to the internal
actuator to provide a rigid support while providing sufficient contraction length. Hence,
we selected a compressive spring with sufficient stiffness to prevent the spring from in-
terfering with the contraction force of the internal actuator. Since the compressive spring
exhibits low stiffness in the axial direction, it can provide rigid support in the radial di-
rection of the internal actuator without degrading the actuation force performance of the
internal actuator.
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2.2. Fabrication

We fabricated two actuators of the same size to compare the existing and proposed
actuators. Figure 2 shows the fabrication process of the SFCC PAM. The caps at both ends
require rather complicated air hole lines inside to afford high performance by maximizing
the actuator size. To ensure stable and independent airflow to each part, we used a 3D
printer (Ultimaker S5, Ultimaker BV) (Ultimaker BV, Utrecht, Nederland) to print light and
rigid endcaps for maintaining airtightness. Table 1 shows 3d printer setting parameters.
The suggested SFCC PAM and McKibben PAM with only external parts were manufactured
to have the same volume and stroke. The weight of SFCC PAM after fabrication is 180 g
and McKibben PAM is 160 g.
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Figure 2. Schematic showing fabrication process of the SFCCM PAM in the following order: (1) The
endcap parts are 3D printed with fill density of 40%. (2) The spring frames are assembled by fitting
the endcaps. (3) The internal parts are sealed with an LDPE–nylon–urethane film and a high strength
string. (4) Nylon–urethane film and the urethane braided mesh are assembled to the spring frame
with metallic ties. (5) The outer mesh of the SFCC PAM is coated with silicon.

Table 1. The set value of the 3D printing parameters.

Parameters Set Value

Nozzle temp 225 °C
Filament Tough-PLA

Infill pattern Triangular
Infill density 40%

Layer thickness 0.2 mm
Top-bottom thickness 1.8 mm

Wall thickness 1.8 mm
Supporter density N/A

The internal part of the SFCC PAM requires an additional chamber isolated from
the air source of the external chamber for differential pressure driving. To minimize the
internal actuator from buckling, during contraction, spring frames were fixed to the endcaps.
Low deformation LDPE–nylon–urethane–vinyl film was used for the internal enclosure
to withstand high pressure. The enclosure was fixed to a spring frame by wrapping the
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endcap with a high-strength string. The stroke length of inner part is 95 mm and the
diameter is 30 mm.

The external part of the SFCC PAM consists of an elastic nylon–urethan–vinyl enclo-
sure and urethane fiber mesh to maximize contraction length. Because the external part of
both McKibben muscle and the proposed PAM are identical, the McKibben PAM endcap
is manufactured with the same shape, but only with a single input airhole. Furthermore,
to prevent damage to the external enclosure by large elastic strain (or elongation), highly
compliant silicone (Ecoflex 50, Smooth-On Inc.) (Macungie, PA, USA) was applied to the
outside of the fabricated actuator. The stroke length of external part is 130 mm and the
diameter is 35 mm.

3. Modeling

The force of the proposed actuator is equal to the pressure between the external and
internal actuators at the current actuator length. The total actuation force, which stems
from the force of the external and internal actuators, is expressed in Equation (1). The force
of each actuator can be derived by using virtual work approach with some assumptions.
For the simplification process, we have neglected the material’s elasticity based on the
assumption that the enclosure maintains cylindrical shape as the actuator contracts. The
resulting actuation force derived from the virtual work approach is shown in Equation (2),
where F is force, L is axial displacement, V is volume, and P is pressure [26].

Ftotal= Fexternal+Finternal (1)

F = P
∂V
∂L

(2)

The external actuator and McKibben muscle contraction force can also be represented
with a virtual work approach by using positive pressure and the force of the fiber mesh,
while limiting the volume change of the enclosure [27]. In the equation below, b is the
length of the mesh wire, θ is the angle between the mesh wires, and D is the diameter of the
internal actuator, as depicted Figure 3. At this time, the volume Vexternal during contraction
can be expressed in the form of Equation (3). By applying the virtual work approach to
Equation (3) external force, Fexternal can be determined by using Equation (4).

Vexternal =
1
4
πD2L =

b3 sin2 θ cos θ
4πn2 (3)

Fexternal= P
dV/dθ
dL/dθ

=
P
(

3L2−b2
)

4πn2 (4)
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Next, to derive the contraction force of the internal actuator, we must first find the
internal volume. By assuming that the segment between the spring pitches of the internal
actuator is a cylindrical bellow shape, we can first define the required design parameters
as shown in Figure 3, bottom. The enclosed area highlighted in black dotted lines has a
circular arc shape with a radius of r, an angle of θi, the arc length before contraction of Li0,
and distance between the springs during contraction of Li. With the parameters shown in
the figure, the following relation can be found:

Li= Li0
sin θi

θi
(5)

c = Ri +

√
r2 +

(
Li

2

)2
(6)

Considering Equations (5) and (6), the internal volume Vinternal can be redefined
as follows:

Vinternal = 2
∫ Li

2

0
π
(
−
√

r2 − x2+c
)2

dx (7)

The differential pressure between the positive and atmospheric pressures generates the
contraction force of the internal actuator. The contraction force of the internal actuator can
also be described according to the virtual work principle [28]. Because the internal actuator
is designed to maintain pressure at an atmospheric level, the differential pressure acts as a
negative pressure, and it works like a vacuum actuator. Furthermore, the internal spring
acts as a guide that maintains the shape of the internal actuator during contraction, but
the elastic modulus k should be considered to prevent interference during the contraction.
Consequently, the contraction force of the internal actuator is rearranged as Equation (7).

Finternal = −(Patm − P)
dV/dθ
dL/dθ

− kLi (8)

The contraction force derived from the differential pressure can be arranged for θ,
and it can be calculated using Equation (7). The calculated values were derived using the
symbolic tool in MATLAB (MathWorks Inc.) (Boston, MA, USA). However, the derivation
process was omitted for simplification. The mathematically derived force tendency model
will be further compared to the experimental results section for validation.

4. Experimental Validation

In this section, we have validated the performance of the proposed actuation mech-
anism via the following experiments: (1) actuation force experiment by comparing the
actuation stroke with respect to the applied pressure, (2) actuation speed experiment by
evaluating the position tracking performance of a single degree of freedom antagonistic
joint, and (3) actuation efficiency experiment by comparing the amount of air consumed
while using two actuators with the equal maximum static force during the same task. All
experiments were conducted in comparison to a conventional McKibben pneumatic muscle.

4.1. Static Contraction Force

For fair comparison, the proposed PAM and McKibben PAM which are manufactured
in the same size, were evaluated under quasistatic condition with equal pressure air input.
For the experimental setup, a force gauge (DigiTech, DTG-100) (DigiTech, Osaka, Japan)
was used to measure the output force and a regulator (SMC, ITV-1050) (SMC, Tokyo, Japan)
was used to control the input pressure according to the control input from a microcontroller
(PJRC, Teensy 4.0) (PJRC, Portland, OR, USA). Figure 4 displays the detailed overview
of the experimental setup. The contraction length of the actuators was evaluated after
applying pressure to the actuators that were subjected to zero external load. Note that
the actuation force data were recorded for every 5 mm contraction length. The detailed
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experimental method is as follows: (1) Set the PAM to initial length. (2) Inject compressed
air into the PAM. (3) Measure the force of the PAM. (4) Reduce the length of the PAM by
5 mm. (5) Repeat steps 2 to 4 until the force of the PAM is not measured.
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Figure 4. Testbed setup of the static contraction force experiment.

The experimental result, Figure 5a shows that under an applied pressure of 200 kPa,
the proposed PAM could exert up to 778.2 N actuation force, whereas the McKibben muscle
can exert up to 593.3 N actuation force. The actuation force of the proposed PAM increased
by nearly 50% during the recorded datasets and by 31.2% at the maximum actuation force.
Since the SFCC PAM has 12.5% more weight, the force to weight increases by 16.6% for
the same weight. Notably, the maximum actuation force of the McKibben muscle can be
reached by the SFCC PAM with an applied pressure of 160 kPa only, which is 40 kPa below
the maximum applied pressure (nearly 20% lower pressure).

Figure 5b shows the comparison between the simulation and experimental data,
the results show good agreement with the mathematical model. Since the proposed
PAM affords greater actuation force performance than the McKibben muscle under same
conditions of applied pressure and volume, the proposed PAM is highly applicable for soft
wearable robots.

4.2. Dynamic Condition Performance

To evaluate the actuation speed, a single degree of freedom robot joint was developed
by antagonistically installing an actuator and a spring, as shown in Figure 6. Two different
types of control inputs were used for the experiment: (a) step input with a desired angle
of 30◦ and (b) 0.5 Hz sinusoidal input with a sinusoidal input of 10–30◦ to compare the
position tracking performance. For the external loading, a 4 kg mass was attached to a
150 mm moment arm for (a). The limit weight the PAM can lift with a 7.5 kg and 10 kg
mass were attached to a 150 mm moment arm for each PAM in (b).
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Figure 7a displays the actuation speed of the McKibben muscle and the proposed
SFCC PAM. Under the step input of 30◦, the rise time of the proposed SFCC PAM decreased
by 25.6% compared to the McKibben muscle. During the sinusoidal input, the McKibben
muscle was unable to track the desired position with 7.5 kg weight only, whereas the
proposed PAM exhibited exceptional position tracking performance even with 10 kg weight,
as shown in Figure 7b.
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Figure 7. (a) Comparing the rise time of two actuators with 30◦ ramp input. (b) The tracking
performance of SFCCM PAM with sinusoidal input.

The experimental result validates that both the external and internal actuators of the
proposed SFCC PAM operated simultaneously during the compression phase. Thus, the
proposed SFCC PAM affords better control tracking performance with the same system
volume; enhanced control tracking performance of the proposed SFCC PAM further verifies
the applicability of the proposed PAM for the wearable robots.
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4.3. Air Consumption

For the last experiment, the actuation efficiency was evaluated by comparing the
amount of air consumed by the two different actuators while executing the same task.
Although the experimental setup was similar to that in Section 4.2, a 750 mL reservoir
(Festo Inc., CRVZS 0.75) (Esslingen am Neckar, Germany) and a check valve were installed
between the regulator and the compressor to measure the amount of air consumed as
shown in Figure 8. Assuming that all the parameters are equal for both setups, we can
employ the ideal gas law (PV = nRT) to evaluate the air consumption by measuring the
change in pressure only. Figure 9a shows the experimental results and Figure 9b shows
an enlarged comparison of air consumption results. Faster operation is possible under
the same regulator and pressure conditions, enabling faster response to the surrounding
environment.
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5. Discussion and Conclusions

Although the feasibility of PAMs on soft robots has been validated, overcoming the
actuation efficiency, large overhead, etc., which limit their applications in soft mobile robots
has been an ongoing challenge.

To overcome this challenge, we proposed a novel PAM based on SFFC mechanism.
The proposed SFCC mechanism stands out in improving all of the contraction force, ac-
tuation speed, and efficiency compared to the contractile soft actuators of previous stud-
ies [20,22,24]. In addition, compared to the previous studies of the improved McKibben-
type actuators [21,29], we increased the contraction length and minimized the reduction of
contraction force due to buckling of the inner part with the spring frame internal actuator.
The proposed SFFC PAM simultaneously contracts both the external and internal actuators
and exerts 31% higher actuation force than the conventional McKibben PAM. The proposed
SFFC mechanism increased the actuation speed (rise time reduced by 25.6%) by successfully
reducing the internal volume of the actuator. The proposed mechanism exhibits not only
enhanced actuation force and speed but also 21.5% better actuation efficiency than that of
the conventional actuator by reducing the amount of air consumption.

Owing to the improved actuation performance, the proposed PAM is expected to
broaden the applicability of PAMs in mobile soft robots, such as wearable robot, with
its compact design. By improving the actuation force, the proposed SFCC PAM can be
implemented to augment the human joints with a large RoM (e.g., shoulder and hip) with its
relatively compact design. The improved actuation efficiency reduces the air consumption
required for actuation, which subsequently reduces the overheads (i.e., compressor and
reservoir) required for the actuation system. Despite these advantages, the inner part of
SFCC PAMs are composed of rigid spring frames, which makes them relatively stiffer than
the McKibben PAM. Because the human body consists of a compliant body with varying
curvature, the relative stiffness marginally limits the application of the SFCC PAM to a
wearable robot with large change in human body curvature. Thus, we aim to conduct
further research to design a wearable robot based on the SFCC PAM that can adapt to
the different curvatures of the human body. In the future, we aim to develop a new soft
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wearable suit by implementing the proposed PAM onto human joints with large RoM and
validating its performance.
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