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Abstract
McKibben artificial muscles (AMs) are known as a prominent class of pneumatic actuators in soft
robotics and biomechanical engineering, due to their unique structure and multifunctionality.
This paper presents a comprehensive review of recent advancements in McKibben AMs, focus-
ing on their performance, structural variations, and operational principles. A systematic literat-
ure search on Scopus identified 146 relevant articles, which were analysed for both performance
metrics and design characteristics. Inspired by natural muscle behaviour, McKibben AMs enable
complex motions such as bending, linear extension, and twisting. These actuators can be organ-
ised as individual or bundled systems: individual units are typically arranged in linear or circu-
lar patterns, while bundled systems occur in serial, parallel, braided, convergent, or pennate con-
figurations. Recent innovations in smart actuation methods, braided sleeves and internal blad-
ders have expanded their capabilities, enabling embedded sensing, environmental adaptability and
untethered operation. Additionally, alternative manufacturing methods offer promising solutions
for developing McKibben muscles with enhanced functionality and tailored properties.

1. Introduction

In the domain of soft robotics and biomechanical
engineering, McKibben artificial muscles (AMs) have
emerged as a notable class of pneumatic actuators,
characterised by their unique structural composition
and versatile functionality. Positioned at the intersec-
tion of engineering and biology, McKibben AMs are
conceived as a means to imitate natural musculature.
Developed by J.L. McKibben in the late 1950s, these
AMs illustrate inherent compliance, low mass, and
controllability which render them particularly suit-
able to a spectrum of applications, such as wearables,
robotics, prosthetics, and rehabilitation engineering.

The typical composition of a McKibben AM
involves a flexible outer sleeve, usually a braid or tex-
tile, commonly crafted from materials such as nylon
or polyethylene, providing the necessary structural
integrity. Enveloped within this outer sleeve is an
inner pneumatic bladder, typically composed of a
compliant material, such as latex, rubber, or silicone,

see figure 1. At the distal tip of the McKibben AM,
an end cap is placed to close off the pneumatic blad-
der. The synergy between the flexible outer sleeve and
the inflatable inner bladder enables controlled, bio-
mimetic motion of theMcKibben AM, similar to nat-
ural muscles. To activate the muscle, pressurised fluid
is normally injected into the open end of the inner
pneumatic bladder using a connection cap. Once
the inner bladder is fully pressurised, the volume of
the inner bladder increases and produces a force in
the radial direction against the braided sleeve. The
braided sleeve subsequently transforms the generated
radial force into the length direction along the braid
axis [1].

McKibben AMs exist in a large size-range from
approximately 1 mm to 50 mm in diameter and vari-
able lengths. For example, aMcKibbenAMwith a dia-
meter of 1.5 mm was developed by De Volder et al
[2] that could achieve contraction forces of 6 N, an
axial strain of 15%, and a maximal actuation speed
of 350 mm s−1, whereas a much larger hydraulic AM

© 2026 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Structural composition of McKibben artificial muscles (AMs). McKibben AMs comprise of a flexible outer braided
sleeve, an inner air chamber, an end cap, and a connection cap. By inflating the inner pneumatic bladder, the McKibben AM will
either expand or compress, depending on the braiding angle.

was developed by Mori et al [3], with a diameter of
40 mm that could achieve up to 28 kN. State-of-the
art McKibben AMs can generate axial strains of up to
30%–35% [4].

McKibben AMs have recently regained significant
attention as soft robotic systems increasingly demand
lightweight, high-compliance, and high-force actuat-
ors. At the same time, research on McKibben AMs
has become widely scattered across biomechanics,
robotics, materials science, and rehabilitation engin-
eering journals, making it difficult for new research-
ers to navigate the field. Therefore, this paper under-
takes a comprehensive review to illustrate the intric-
ate mechanical principles governing McKibben AMs
and explores their diverse configurations across dis-
ciplines. By summarising how key design and per-
formance parameters influence actuator behaviour,
this work aims to provide clear, implementation-
oriented guidance and fill a gap in literature for
researchers who seek an overview. For this purpose,
we have conducted a literature review in Scopus (05-
02-2024) using ‘McKibben’ as the single keyword,
which yielded 838 results. Papers focusing on ana-
lytical and experimental studies involving McKibben
AM were included in this study, resulting in a total
of 146 included articles. Review papers and papers
solely focusing on control, finite element analysis,
the application of McKibben AMs in other struc-
tures, and artificial intelligence, as well as non-English
papers were excluded from this review. Generally,
closed-loop PID-based force or position control
remains the most commonly applied approach for
McKibben actuators [5, 6]. For comprehensive treat-
ments of control design and system dynamics, we
refer readers to Tondu & Lopez [5], Caldwell et al [6],
and De Volder et al [2].

We focus on classical McKibben AMs as their
architecture, fabrication methods and design

parameters form a distinct class of pneumatic AMs
with well-defined characteristics and industrially
scalable fabrication. Including other pneumatic arti-
ficial actuators, such as fibre-reinforced elastomer
actuators, would substantially broaden the scope and
reduce the focus of the study.

2. McKibben performance characteristics

2.1. Force and contraction characteristics
Figure 2 shows the composition and geometric vari-
ables of McKibben AMs. McKibben AMs are often
characterised based on their tension force, contrac-
tion force, and blocking force. The tension force is
the force generated along the wires in the outer sleeve
when the McKibben is pressurised, whereas the con-
traction force is the force produced during muscle
contraction. The contraction force is highest when
the axial strain is lowest and varies with the initial
braid angle, see figure 3. The blocking force is the
resisting force against further contraction when the
muscle is pressurised but prevented from shortening.
The blocking force opposes the contraction force and,
therefore, benefits from friction, whereas the contrac-
tion force is negatively affected by friction.

McKibben AMs generate an axial contraction
force that can be expressed by the classical Chou
& Hannaford model, shown in equation (1), which
assumes inextensible fibres and relates the force to
the geometry of the actuator [7]. This formulation
is widely used in analytical and experimental stud-
ies of pneumatic AMs. The same model can also be
rearranged into strain-based forms, in which the geo-
metry is expressed as a function of axial strain (ε)
[4, 5, 8],

Fc =
π

4
PD2

0

(
3cos2θ− 1

)
(1)

2
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Figure 2. Composition and geometric variables of McKibben artificial muscles (AMs). McKibben AMs composition indicating
the sum of the thickness of the bladder with half of the sleeve width (tk), the braid angle (θ), the initial length of the muscle (L0),
the length of an individual wire (b), the diameter of the McKibben AM (D0), the number of full rotations per wire (n), and the
number of wires in the outer braided sleeve (m).

D0, P and θ denote the diametric constrant of the AM
[mm], the applied pressure [Pa] and the braid angle
(defined as the angle between any wire of the outer
braid and the axial axis, see figure 2) [◦], respectively.
Using the inextensible fibre assumption, the diameter
of the AM is defined as:

D=
b sinθ

nπ
(2)

where b is the length of an individual wire [mm] in
the outer braided sleeve and n is the number of full
rotations per wire [-], see figure 2.

The axial strain ε is defined as (3), With L0 the
initial length of the McKibben AM [mm] and L the

contracted length [mm].

ε=
L0 − L

L0
. (3)

The generated contraction force is proportional to
the applied pressure, substantiating that McKibben
AMs using liquids instead of air, can generate larger
amounts of force than those actuated by air [9–15].
Iwata et al [9] developed a hydraulic McKibben AM
(Ø 21 mm) capable of generating a contraction force
of 8 kN. Mori et al [3] developed a similar McKibben
AM (Ø 40 mm) that could achieve a contraction
force of 28 kN by applying high tensile force sleeve
wires, optimising the weaving pattern of the outer

3
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Figure 3.McKibben artificial muscles (AM) performance
variables. McKibben AM performance variables indicating
the initial length (L0), contracted length (L), strain (∆L),
axial strain (ε), contraction force (Fc) and blocking force
(Fb) of the artificial muscle. The contraction force scales
with the contraction ratio, with the maximum contrac-
tion force at zero contraction, whereas the blocking force
is maximum and full contraction. Hysteresis in the sys-
tem creates the distinct force loop during inflation and
deflation.

braided sleeve, and increasing the strength of the
connection and end caps. In the study of Thomalla
and Van De Ven [8], a new model was developed
for hydraulic McKibben AMs that tracked the gen-
erated axial force of the actuator while considering
the change in actuator wall thickness. This newmodel
showed increased accuracy of approximately 1% over
the state-of-the-art (elastic) force models.

The contraction force is proportional to the outer
diameter of theMcKibben AM,with largerMcKibben
AMs able to achieve higher contraction forces, as can
be observed from equation (1). The effect of scaling
on the performance of McKibben AMs was investig-
ated in more detail in an experimental study by Peel
et al [14]. It was found that a longer actuator res-
ulted in a larger contraction stroke and lower con-
traction force. Though contraction forces decreased
as the diameter and length decreased, which is in
line with equation (1), the force per unit AM volume
was shown to increase with decreasing diameter.

However, the relative work per actuation volume was
decreased by roughly 35% in smaller AMs [14].

McKibben AMs are commonly modelled or char-
acterised as actuators, but their second role as support
structure introduces strain–pressure combinations
outside of normal actuation regions. This occurs, for
example, when the McKibben AMs are placed in an
antagonistic configuration. In the study byOlson et al
[16] a more complete set of possible strain–pressure
combinations for McKibben AMs was investigated,
including those of passive or unpressurised actuat-
ors, as well as pressurised extension and compres-
sion beyond the maximum actuation strain. They
demonstrate a trade-off between the maximum axial
strain and force required to passively extend the AM,
and that stiffer elastomers inner bladders require an
increase in actuation pressure without a compensat-
ory increase in maximum achieved force.

Different studies describe the dynamic responses
of McKibben AMs for different pressures and
frequencies [7, 17, 18]. Wenlin et al [19] report that
the driving frequency across various applications is
generally concentrated within 0.3 Hz. They mention
that when the driving frequency exceeds 1 Hz, their
AMs cannot be fully inflated and deflated anymore
due to the viscoelasticity of the bladder. Experiments
show that with increasing driving frequency, the
amount of hysteresis of the AM increases. Davis et al
[18] show that major constraining elements on the
AM dynamics is the supply pipe and valve resistance,
favouring a minimal amount of pipe connectors and
large orifice valves.

A large number of papers describes physical,
empirical or experimental models of McKibben AMs
[5, 20–33]. In these studies, slight alterations aremade
to the state-of-the-art in terms of the implementation
of a more sophisticated friction modulation, noncyl-
indrical shape, andmore accurate braiding represent-
ations. These studies will not be discussed in detail.

2.2. Energy dissipation
Although the theoretical contraction force can be cal-
culated by equation (1), it does not consider the hard-
ness of the inner bladder and the frictional forces
experienced in theMcKibben AM.Whilst these prop-
erties are neglectable at larger scales, when downsiz-
ing the McKibben AMs, these factors need to be con-
sidered. Considering the effect of the bladder thick-
ness and the frictional forces in the sleeve, Chou and
Hannaford [7, 34] proposed an improved formula for
the relationship between the contraction force Fc and
the pressure difference P, including a correction for
the bladder thickness:

Fc =
π

4
P
[
D0

2
{
3cos2θ− 1

}]
+πPtk

[
D0

(
2sinθ− 1

sinθ

)
− tk

]
(4)

4
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Figure 4. Energy Losses in McKibben artificial muscles. (a) rotational resistance due to the frictional forces between the wires,
(b) resistance due to bending deformation of wires, (c) resistance due to bulging of the inner bladder through the sleeve, (d)
resistance due to the frictional force between wires and the bladder.

where tk is the sumof the thickness of the bladderwith
half of the sleeve width.

However, even though equation (4) represents the
characteristics of McKibben AMs more closely than
equation (1), there is a substantial gap between exper-
imental data and the predictions due to the lack of
considering energy losses in theAM.One of themajor
energy losses in McKibben AMs is due to frictional
resistance and appears as the wires rotate during con-
traction or extension, see figure 4 [35]. These resist-
ances can be subdivided into:

(1) Rotational resistance due to the frictional
forces between wires
During axial contraction or extension, the braiding
angle changes as the wires slide over each other. This
causes friction, reducing efficiency and increasing
hysteresis of the McKibben AM. Efficiency refers to
the ratio between the mechanical work delivered dur-
ing contraction and the pneumatic/hydraulic energy
supplied [12]. Surface texture is a key factor influ-
encing wire-to-wire friction. To minimise this fric-
tion, a smoother wire surface is more desirable [22],
which correlates with the findings of Hoque et al [36],
as well as less contact points between the wires. If
the thickness of the wires or the number of wires
is reduced, the maximum axial strain could poten-
tially be improved since the rotational resistance of
the threads decreases [35]. Furthermore, to reduce
friction further, in some outer sleeves not everywire is
woven consistently, with some weaves that are inten-
tionally skipped, thus minimising the rotational res-
istance of the wires. The number of contact points
between the wires can be calculated using the follow-
ing equation [37]:

Ncontact =
2b2sin2θcos2θ

nwy
2

. (5)

With wy the wire width (mm).

(2) Resistance due to bending deformation of
wires
Energy is dissipated in order to produce bend-
ing deformation of the wires during movement.

Therefore, wires that exhibit lower bending stiffness,
such as braided wires or wires out of a more flexible
material, can potentially decrease this type of energy
loss in the AM.

(3) Resistance due to bulging of the inner bladder
through the sleeve
During inflation, the inner bladder will start to
expand until it reaches the outer braided sleeve, where
the radial expansion is halted and converted into the
axial direction. By increasing the applied pressure to
the bladder, the bladder can start to bulge through
the holes in the outer sleeve, which causes frictional
and energy losses, and can lead to rupture. Therefore,
there is an interplay between the compliance of the
bladder, the elasticity of the bladder material, and the
cover factor of the outer braided sleeve.

(4) Resistance due to the frictional force between
wires and the bladder
During actuation of the McKibben AMs relative
motion between the wires and the bladder ensues.
This relative motion results in frictional losses and
therefore a loss in efficiency of the McKibben AM.

Taking these factors into account leads to the fol-
lowing equation [35]:

Fc =
π

4
PD0

2
{
3cos2θ0 − 1

}
− 4m2n

bsinθ0
(Mf +Md +Mr +Mtr) . (6)

Withm is the number of wires in the outer sleeve [−],
Mf the resistantmoment due to friction betweenwires
[Nmm], Md the rotational resistant moment due to
the bending deformation of wires [Nmm], Mr the
rotational resistant moment due to the bulging of the
rubber [Nmm], and Mtr the resistant moment due
to the frictional force between wires and the bladder
[Nmm].

As can be seen from equation (6), an increase in
the number of wires m in the outer sleeve, reduces
the contraction force of the McKibben AM. This is
substantiated by the experimental study of Kurumaya
et al [38], in which they investigated the effect of the

5
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inner bladder hardness and number of wires in the
outer sleeve on the blocking force and the axial strain
of thin McKibben muscles (Ø 1.8 mm). It was found
that when the number of outer wires increases, the
blocking force also increases due to an increase in fric-
tion between the wires, as well as between the wires
and the inner pneumatic bladder, at the cost of the
axial strain. Additionally, it was found that the num-
ber of outer wires need to be at least 24 with a braid-
ing angle of at least 18◦, to reduce the risk of rupture.
The hardness of the bladder was also found to be an
important factor for design because it determines the
ease of tube deformation, axial strain, and amount of
air pressure required to achieve a given contraction.
Davis and Caldwell [39] showed that to determine
the number of wires necessary to prevent braid fail-
ure of the McKibben AM, the following equation can
be used:

m=
PD0

2π cosθ sinθ

2σAwire
. (7)

With s representing the ultimate tensile strength of the
wire [Pa] and Awire representing the cross-sectional
area of the wire [mm2].

2.3. Fatigue characteristics
When applying McKibben AM in robotic applica-
tions, fatigue life is a major challenge. McKibben
AMs exhibit fatigue characteristics influenced by the
materials used and the cyclic nature of their oper-
ation. Over time, repeated inflation and deflation
cycles can lead to wear and tear, particularly in the
inner bladder and outer braided sleeve, which may
result in reduced performance and eventual fail-
ure due to material fatigue. In a study of Klute and
Hannaford [40], a model was developed that predicts
the maximum number of life cycles of a McKibben
AM based on available uniaxial tensile properties of
the actuator’s inner bladder. Experimental results
revealed that McKibben AMs fabricated with natural
latex rubber bladders have a fatigue limit 24 times
greater than actuators fabricated with synthetic silic-
one rubber at large axial strains. In a study by Wenlin
et al [19], they found that air leakage in the middle
was the most common fatigue phenomenon in their
McKibben AM.

2.4. Experimental facilities
Isotonic and isometric testing methods are pivotal
in evaluating the performance of McKibben AM.
Isotonic testing involves assessing the AM under
constant loading conditions, allowing for the meas-
urement of contraction length, contraction force,
and speed as the AM performs work against a
fixed resistance. This method provides insights into
the strain, response time, and mechanical efficiency
under dynamic loading scenarios. Conversely, iso-
metric testing measures the AM’s force output while

maintaining a constant length, thereby evaluating its
static force generation capabilities. Together, these
methods comprehensively characterise the mech-
anical properties and functional performance of
McKibben AMs.

In a study of Salahuddin et al [41], an integrated
characterisation method is proposed that combines
isometric and isotonic testing. This test set-up allows
for simultaneously measuring the free stroke of a
McKibben AM, the stroke while operating against an
externally applied force (isotonic), the blocked force
while keeping the muscle at constant length (isomet-
ric); and the force and displacement change when the
McKibben AM operates against a return spring (vari-
able force, pressure).

3. McKibben composition characteristics

3.1. Outer sleeve configuration
The outer sleeve of McKibben AMs is normally man-
ufactured using several wires interwoven with each
other in a biaxial braiding pattern and fabricated
around a mandrel [39, 42]. In biaxial-braided sleeves,
a single wire set (generally orientated at an angle in
the + and—directions) is interlaced with each other
to form the braided fabric surface. Simulations reveal
that loads are sustained mostly by the outer braided
sleeve, whereas the inner bladder stores the majority
of the external work as elastic energy [43]. Geometric
variables that affect the final mechanical performance
of the outer braided sleeve include the braid angle q
[◦], helical length Lh of one pitch of wire [mm], man-
drel or braid diameter db [mm], wire widthwy [mm],
and cover factor C [−].

One might argue that the pleated muscles are a
kind of McKibben AMs using only parallel wires as
the outer braided sleeve. These types of actuators out-
perform traditional McKibben AMs in terms of axial
strain but exhibit drastically higher radial expansion
due to the lack of radial-oriented wires in the sleeve.
Due to the substantial differences between the pleated
and biaxially braided McKibben AMs, we will not
include these types of muscles in our review.

3.1.1. Braid angle
The ability of McKibben AMs to contract or extend
depends on the initial braid angle θ [◦] of the outer
sheath, see figure 5. Both the axial strain and hys-
teretic behaviour of McKibben AMs are governed by
the initial braid angle [39, 44, 45]. At the fully contrac-
ted position, the braid angle is set by the energetics of
the operation of the AM at 54.7◦ [39]. The axial strain
can be calculated using equations (3) and (8):

εmax = 1− 1√
3cosθ

(8)

Equation (9) assumes the actuator is under zero
external load, with inextensible braid and fully

6
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Figure 5.McKibben artificial muscle (AM) braid angle contribution to functionality. The braid angle is defined as the angle
between the wires of the outer sleeve and the axial axis of the muscle. The braid angle determines the performance of the
McKibben AM. Braid angles under 54.7◦ will result in contraction, braid angles at 54.7◦ will cause variable stiffness, and braid
angles over 54.7◦ cause extension of the McKibben AM. The effect of the braid angle on the contraction ratio is schematically
presented in the graph on the right-hand side.

pressurised [46]. From equation (9), the maximum
theoretical axial strain can be determined when
the contraction force nears zero [47]. From this, it
is found that when θ is approximately 54.7◦, the
maximum axial strain becomes 0. Theoretically this
means that McKibben AM with braiding angle of
54.7◦ generates no motion even if high pressure is
applied, which makes them into a types of variable
stiffness actuator. If the wires of the braid cross at
an angle less than 54.7◦, the radial expansion of the
inner bladder will be transferred into axial compres-
sion and the McKibben AM will generate tension
force at its ends. Braid angles over 54.7◦ result in axial
extension.

The effect of the braid angle was experimentally
investigated in a study by Gentry and Wereley [48].
They show that variations of the braid angle has a
significant effect on the axial strain and the blocked
force. It was found that contractile McKibben AM
subjected to a pre-strained cyclic displacement test
generated over 13 times the absolute blocking force
and about 34% larger stroke than extensile AMs.

The minimum braid angle is limited by adjacent
braid wires being forced against each other, assum-
ing the inner bladder has a diameter small enough to
allow for full braid dilation [39]. Thisminimumbraid
angle can, therefore, vary depending on the braid pat-
tern, the wire material, and the diameter of the wire.
Typically, the minimum braid angle is around 20◦

[6]. However, using a mathematical approach, Davis
and Caldwell [39] showed that by halving the num-
ber of wires in the outer braided sleeve, the minimum
braid angle can be reduced by 50% (from 19◦ to 9◦)
which results in an increase in the contractile range
of the AM of approximately 7%, with a simultaneous
peak contraction force increase of over 16% [39]. The
minimum braid angle that can be obtained depends
on the cover factor and can be calculated as
follows [39],

θmin =
sin−1

(
2wym
πD0

)
2

. (9)

3.1.2. Wire elasticity
To prevent energy consumption during actuation,
inextensible wires are preferred for the outer braided
sleeve, such as high-stiffness aramid (Kevlar®)
and ultra-high molecular weight polyethylene
(Dyneema® and Spectra®) [49–51]. In the study of
Krishnan et al [52] even silk is proposed as a braid
material due to its higher stiffness than nylon and
steel.

As can be observed in equation (1), the effect on
wire elasticity on the contraction force and ratio is not
considered. The inelastic braid assumption suggests
that the outer braided sleeve of the McKibben AMs
is inextensible to effectively convert the radial expan-
sion of the bladder into axial contraction or exten-
sion of themuscle overall [53]. Although this assump-
tion has often been cited as a likely source of model
error, it keeps being used due to researchers’ inability
to directly measure the effects of braid elasticity [54].
However, a reduction in efficiency, both in terms of
contraction force and axial strain, will be observed by
the axial deformation of the wires. This is substanti-
ated by the static model by Davis et al [29].

The effect of the wire stiffness, wire diameter, and
wire structure on the blocking force was also investig-
ated experimentally in a study by Hoque et al [36].
It was found that the stiffness of the wire was dir-
ectly proportional to the AMs blocking force and
axial strain. Furthermore, it was found that wire
diameter governs the blocking force, with smaller
wire dimension resulting in a reduced blocking force.
Braided wires illustrated higher friction and, there-
fore, slightly lower free axial strains.

3.1.3. Cover ratio
The number and geometry of the wires that make up
the outer braided sleeve can be expressed as the cover
factor and is an essential property of a McKibben
AM. The cover factor is defined as the ratio of area
occupied by the wires within a periodic pore unit to
the total area of the pore unit, as shown in figure 6.
As derived by Sangian et al [55], the cover factor is
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Figure 6. Outer braided sleeve cover factor of Mckibben artificial muscles (AMs). The cover factor is defined as the ratio of area
occupied by the wires within a periodic pore unit to the total area of the pore unit. A cover factor of at least 0.7 for McKibben
AMs is preferred to prevent bulging of the bladder through the outer braided sleeve. Using multiple wires or flat wires with
increased wire width can be used to increase the cover factor (right),

described by equation (10) and is a function of the
braid diameterD0 [mm], the initial braid angle θ [◦],
the wire width wy [mm], and the number of wires
m [−].

C=
wym

πD0cos
(
θ
2

) −[
wym

2πD0cos
(
θ
2

)]2

(10)

Braided outer sleeves with high cover factors are nor-
mally required inmanufacturingMcKibben AMs due
to the working conditions at high pressures. When
fewer wires are used in manufacturing of the braided
sleeve this results in wider gaps between the wires
and consequently may result in rupture due to the
internal bladder passing through the gaps at high
pressures [1, 39]. In an effort to increase the cover
factor, and thus the durability of the AM, on some
occasions, multiple wires per direction or flat wires
are used. Generally, a high cover factor of at least 0.7 is
desired for proper functioning of theMcKibben AMs,
although examples ofMcKibbenAMs exist with lower
cover factors, such as 0.47 [1, 44].

3.2. Inner bladder configuration
An important geometrical property in determining
the performance of a McKibben AM is the wire-
to-bladder distance at the resting length. When the
inner side of the braid structure is not in contact
with the outer wall of the elastomeric bladder, the
actuator’s dead-band pressure increases dramatically
since, when the bladder begins to expand, it is unable
to transfer the force to the braiding structure and
the actuator will remain inactive until the elasto-
meric bladder comes into contact with the braided

sheath [53]. In equation (1), this distance is con-
sidered 0. Although friction decreases the efficiency
of the muscles, as well as the contraction force, static
friction between the wires themselves, as well the
static friction between the inner bladder and wires,
can increase the blocking force of the McKibben AM.
Therefore, a trade-off remains.

By reducing the dead volume within the inner
pneumatic bladder, the bandwidth of the McKibben
AM can be increased by up to 400%, with a similar
increase in stiffness [18]. To reduce the dead volume,
different filler materials can be used, such as elastic
particles, solid particles and liquids, with the added
benefits of increased stiffness. At the same time, the
air volume used to actuate the AM can be reduced by
up to 80%–90% [18].

Strain energy losses could be reduced by prevent-
ing stretching of the inner pneumatic bladder, max-
imising the energy stored in the braids and the effi-
ciency of the McKibben AM. In a study of Cavallaro
et al [56], an oversized bladder containing radial folds
was used. In the study byMeller et al [12], an inelastic
LDPE bag was used as the inner bladder that unfol-
ded during actuation. It was shown that this actuator
had an efficiency of almost 80% and could achieve a
blocking force of up to 500 N.

The Young’s Modulus of the inner pneumatic
bladder also plays an important role in determin-
ing the performance of McKibben AMs. In an exper-
imental study by Hoque et al [36], it was found
that a softer bladder, with a lower Young’s Modulus,
was able to generate higher free axial strains, with
the risk of destructive failure. In addition, a larger
diameter bladder was able to generate significantly
higher blocking force but a lower axial strain on
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average due to the increased friction between the
wires and the bladder [36]. In the study of Ball et al
[57, 58], amodel was presented that allows prediction
of the effect of bladder pre- stretch, showing bladder
pre-stretch results in higher actuator force and longer
stroke length.

Modelling the inner pneumatic bladder is
often challenging due to their complex non-linear
deformations [59]. The literature on McKibben
AM modelling mostly focuses on contractile AMs.
However, Garbulinski et al [60] presents new hyper-
elastic constitutive models and revalidate methods
for extensile McKibben AMs that were previously
studied for contractile McKibben AMs. The effect of
hemi-spherical deformation of the inner pneumatic
bladder near the end caps was investigated in the
study by Kadowaki et al [61]. In their study, the inner
pneumatic bladder was modelled as hemi-spherical,
resulting in improved accuracy in the predication of
the force-contraction profiles of McKibben AM.

4. McKibbenmuscle configurations

4.1. Natural Muscle types toMcKibben
configurations
McKibbenmuscles were originally designed tomimic
natural muscles. Compared to natural muscles,
McKibben AMs exhibit similar performance in
terms of contraction strain at 20%–35%, as well
as a higher tension intensity of 88–144 N cm−2

(versus 35 N cm−2), higher work density of 0.13–
0.20 J cm−3 (versus 0.13 J cm−3), higher energy effi-
ciency 0.32–0.49 (versus 0.2–0.25), and higher peak
power density of 2.65 W cm−3 (versus 0.70 W cm−3)
[7, 62]. However, McKibben AMs lack the ability to
be arranged as freely as natural muscles. McKibben
AMs can approach the dynamic behaviour of skeletal
muscles by carefully choosing an adequate outer
braided sleeve [63]. To achieve the required force
production, axial strain, and motion, for the inten-
ded application a specific type of muscle architecture
might be required.

There are several muscle architectures that can
be found in the natural world. Muscles are usually
arranged in parallel or pennate architectures. In paral-
lel muscles, the fascicles (motor-units of the muscles)
run parallel to the axis of force generation. There are
several parallel muscle architectures, such as fusiform,
convergent, and circular muscles. A convergent muscle
has a triangular or fan-shape as the fibres converge at
its insertion and are fanned out broadly at the origin.
A less common example of a parallel muscle is a circu-
larmuscle such as the orbicularis oculi in the eyelids, in
which the muscle fibres are longitudinally arranged,
but create a circle from origin to insertion. Pennate
muscles differ from parallel muscles in that the fas-
cicles attach obliquely (in a slanting position) to the
tendon. This type of muscle generally allows higher

force production but a smaller range of motion than
parallel muscles.

4.2. Individual McKibbenmuscles
Individual McKibben Muscles take the shape of par-
allel natural muscles and can be found in a linear and
circular configuration, see figure 7.

4.2.1. McKibben—linear
Bladder alterations:Whereas natural muscles can only
contract to create moments and forces on their sur-
roundings, McKibben AMs can also enable active
extension depending on the braid angle. However,
McKibben AMs differ from natural skeletal muscles
in that they cannot perform passive elongationmove-
ments, in which themuscle is stretched by an external
force from its natural length while deactivated. Since
contractile McKibben AMs can only generate tensile
force, they are often deployed in an antagonistic
setup: two acting on opposite sides of a pulley, similar
to the configuration of the triceps and biceps muscles
controlling movement of the upper arm and elbow,
respectively.

In studies by Tanaka et al [64] and Kobayashi
et al [65], back-stretchable McKibben muscles are
proposed that contract like a conventional McKibben
AM when air pressure is applied and back-stretches
like a natural skeletal muscle with no applied pres-
sure (see figure 8). In the design by Tanaka et al [64],
the inner bladder of the McKibben AM is exten-
ded and placed inside an inextensible flexible tube
that is slightly bigger in diameter. In this set-up,
when the muscle is not actuated, the inner bladder
provides passive elongation when subjected to exten-
sion forces. However, whilst actuated, the inner blad-
der locks into position inside the inextensible flex-
ible tube. In comparative experiments on a robotic
arm, they achieved a 22% increase in the antagonist
muscle driving range compared with conventional
McKibben AMs without causing the muscles to sag
significantly.

Another difference between McKibben AMs and
their natural counterpart can be found in the way the
sarcomere, the basic unit of a skeletal muscle, gener-
ates contraction. In the cross-bridge model of a sar-
comere, the muscle accumulates nanoscale strokes of
myosin head motors to generate larger strokes, sim-
ilar to a ratchet-type mechanism, which makes the
muscle more robust against mechanical disturbances
and able to produce larger strokes. Taking inspira-
tion from the nanoscale stroke method, the spring-
like behaviour of McKibben AMs could potentially
be negated, and large strokes could be generated
that are independent from the applied load. Cho
et al [66] developed a McKibben AM utilising two
pawls integrated at both ends and a flexible rack
inserted in the lumen, see figure 8. The ratchet-
integrated McKibben AM was able to achieve a large
stroke length of 250 mm (20 cycles) by accumulating
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Figure 7. Individual McKibben artificial muscles (AMs) mimicking the functionality of parallel natural muscles. Linear
McKibben AMs can either extend, contract, or illustrate variable stiffness during inflation. Circular McKibben AMs can be used
to increase or decrease in diameter, similar to how a sphincter muscle operates.

Figure 8. Linear McKibben artificial muscles Configurations found in Literature. Left: linear McKibben artificial muscles (AMs)
with different bladder alterations. Passive elongation is seen in the back-stretchable McKibben developed by Tanaka et al [64], a
ratchet mechanism is utilised in the McKibben AM developed by Cho et al [66], and a compression spring was added by Kim et al
[67]. Right: Linear McKibben AMs with different braid alterations. A twisting McKibben AM was developed by Tian et al [68], a
bendable McKibben AM using two distinct braiding angles was developed by Faudzi et al [69], and another bendable McKibben
AM using an inextensible wire was developed by Feifei et al [70].

displacements from multiple small strokes by repeat-
ing the cycle of pressurisation and depressurisation.
In comparison, a similar-sized regularMcKibben AM
was able to achieve a stroke length of approximately
30 mm. Cullinan et al [71] proposes a similar design
that integrates a pulley system, resulting in a robust
McKibben AM with simplified control [72].

Another bladder alteration is proposed by Kim
et al [67], in which a low stiffness compression spring
is added to the bladder to prevent buckling of the
McKibben AM, see figure 8. By adding a compression

spring to the McKibben AM, the effect of the axial
strain on the contraction force is reduced, which
makes this AM more suitable for use in large range
of motion structures. Furthermore, a 31% greater
contraction force and 26% higher contraction speed
could be achieved in comparison to a conventional
McKibben AMs, as well as a 21.5% increase in actu-
ator efficiency. Finally, in a study by Legrand et al
[73], aMcKibben AM is proposed containing a work-
ing channel that can be used to guide other tools
through during operation of the McKibben AM.
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Braid Alterations:Next to extension and compression,
individual linear McKibben AMs can also be used as
variable stiffness actuators when the braid angle is set
to 54.7◦, resulting in an axial strain of 0. An example
of such a variable stiffness McKibben AM is the one
developed by Iwata et al [72].

Additionally, by removing one direction of the
braid, the linear McKibben AM can be transformed
into a twisting AM. In a study by Tian et al [68], a
new fabrication process is proposed to realise twist-
ing McKibben AMs by utilising braiding technology
and water-soluble fibres, see figure 8. In the braiding
process, half of the sleeve fibres of the AM is substi-
tuted with water-soluble fibres. Using this method,
McKibben AMs with maximum twist angles of up
to 160◦ could be obtained. Similarly, in the study of
Olson and Menguc [74], a McKibben AM was helic-
ally wound around a compliant foam core to create a
combined twisting and contractionmotionwith twist
angles of up to 60◦. In the study of Connolly et al [51]
another twisting McKibben AM is illustrated.

Another braid alteration, in which two different
braids are present on either side of the McKibben
AM, can result in a bending motion. In the study
by Faudzi et al [69], a McKibben AM (Ø 14 mm)
was developed that contains two braids with differ-
ent braiding angles (52 and 73◦) on either side of the
AM, which enable bending angles of up to 32◦, see
figure 8. The McKibben AM was manufactured by
first embedding two separate braids into silicone, cut-
ting these in half in the length direction, and finally
attaching the two braided halves with a different braid
angles to each other. In a follow-up study [75], the
effect of the different weave pattern combination on
the bending characteristics was researched using the
Finite Element Method (FEM). It was found that the
highest bending angles were obtained with braiding
angle combinations of 32/90◦, 32/70◦, and 32/62◦ (in
descending order of bending angle). Additionally, it
was found that the braided layer needs to be placed
close to the outer surface of the AM and the air cham-
ber of the bladder needs to be large in order to increase
bending performance [76].

Bendable McKibben AMs can also be obtained by
partly restricting the movement of the braid in the
axial direction. In the design proposed by Feifei et al
[70], an inextensible wire is guided through the braid
in the axial direction, which limits axial expansion
of the McKibben AM at this side, see figure 8. Du
et al [77] proposes a similar design in which an elastic
support is connected to the braid to restrict unilat-
eral axial displacement of the McKibben AM. It was
show that bending angles of up to 90◦ were achieved
in an experimental prototype. Finally, in the design by
Xiang et al [78] a shapememory alloy wire was placed
in parallel to an extending McKibben AM to initiate
bending motions and in the study of Maeda et al [79]
an shapememory polymer (SMP)was integrated into

the braided sleeve of a McKibben AM to create bend-
ing and torsional motions.

4.2.2. McKibben—circular
No singular circular McKibben configurations have
been identified

4.3. BundledMcKibbenmuscles
In figure 9, the potential parallel McKibben AM con-
figurations are indicated.

4.3.1. McKibben—in series
By placing multiple contracting or extending
McKibben AMs in series, the stroke can be increased,
whilst maintaining the contraction force of a single
McKibben AM. However, the system as a whole can
only apply as much force as the weakest McKibben
AM allows. Otherwise, the weakest AM would rup-
ture or overstretch. The amount of contraction or
extension of the full system (∆Ltotal) is a summation
of the individual stroke lengths (∆Lk) pertaining to
the McKibben AMs within the system, equation (11).
The total axial strain is a length-weighted average of
the axial strains of the individual AMs (εk), as shown
in equation (12). This means that single McKibben
AMs with longer initial length have more influence
on the overall axial strain,

∆Ltotal =
∑

∆Lk (11)

εtotal =

∑
ϵk · L0k∑
L0k

. (12)

Placing an extensible McKibben AM in series with a
contractile McKibben AM can initiate movement of
a spacer that is placed in between the two AMs, as is
seen in the study of Lathrop et al [80]. In this study, a
contracting and extending McKibben AM were con-
nected to each other via a cylindrical ring which was
connected to a cable that actuated a steerable tip of a
medical instrument.

Next to contraction or extension, a serial muscle
arrangement can be used for creating locomotion
motions, similar to the movement of an earthworm
(figure 10). An example of this is given by the mono-
line drive design by Tsukagoshi et al [81]. In this
McKibben AM (Ø 2.6 mm deflated, Ø 6.1 mm
inflated), a travelling wave is generated using a single
input pressure. For this purpose, the inner bladder of
thisMcKibbenAMcontains a plurality of holes of dif-
ferent sizes to cause a time delay in chamber infla-
tion and the outer braided sleeve is subdivided into
multiple sections (chambers) using three tangential
wires. This set-upmakes it possible to induce aworm-
like propulsion motion, as well as a bending motion,
using a single input tube. The prototype was suc-
cessfully tested in a lung model, illustrating its abil-
ity to successfully propel and steer through variable
diameter branches. One might argue that this is a
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Figure 9.McKibben artificial muscle (AM) configurations mimicking the functionality of natural muscles. McKibben AMs can
be placed in series, in parallel, can be braided or be placed in a convergent configuration. McKibben AMs placed in series can
be used to increase the stroke or create worm-like locomotion. McKibben AMs placed in parallel can be used to increase the
contraction force or to create bending motions (with high stiffness). Braided McKibben AMs have been shown to increase the
contraction ratio, whilst simultaneously decreasing the contraction force. Furthermore, they can be used to create locomotion
motions. Finally, convergent McKibben AMs can be used to increase the contraction force or create a rotation.

single McKibben AM, however, due to the use of dif-
ferent chambers, theMcKibbenAM functions asmul-
tiple AMs in series.

4.3.2. McKibben—in parallel
By placing McKibben muscles in parallel, the total
contraction force of the McKibben AM can be
increased without affecting the axial strain or stroke
length. The total contraction force (Ftotal) is expressed
mathematically as the summation (

∑
) of individual

contraction forces (Fc) pertaining to the McKibben
AMs within the system:

Ftotal =
∑
k

Fc. (13)

Here, Fc signifies the contraction force of the kth
McKibben AM. A similar strategy is seen in short par-
allel muscles, such as in the biceps brachii, located in
the upper arm of the human body. The challenge with
using multiple McKibben AMs in parallel is to attach
the muscles in a space efficient way. In the study
of Zhang et al [82], an improved multi-connector is

proposed. Due to its detachable nature, the multi-
connector can change contraction force and outer
shape based on demand, meaning it can be applied
to a wider range of fields.

In an experimental study ofKurumaya et al [38], it
was shown that the axial strain ofMcKibben AMs can
be increased by bundling, owing to its flexibility. The
developed multifilament muscle comprised bundles
of thinMcKibben AMs and exhibited high deformab-
ility in comparison to conventional McKibben AMs
of the same diameter. Furthermore, the interaction
between the muscle fibres due to their radial expan-
sion (similar to how a pleatedAM functions), resulted
in an 26% increase in the axial strain in comparison
to a singleMcKibben AM. A design that takes advant-
age of this is illustrated by Bruder and Wood [83], in
which two McKibben AMs are placed in parallel in a
‘chain-link’ actuator structure to achieve axial strains
of over 50%.

A parallel McKibben AM muscle bundle can also
function much like our skeletal muscle organs that
selectively recruit a different number of motor fibres
depending on the load demand [84]. A variable
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Figure 10.Mono-Line Drive McKibben artificial muscle (AM) Design by Tsukagoshi et al [81]. In the mono-line drive design,
three McKibben AMs are placed in series. In the pneumatic inner bladder of the designs, three holes of different diameter are
present that cause sequential inflation of the McKibben AMs. Step 1 indicates the resting position of the design. In Step 2, the
distal McKibben AMs is inflated, causing it to anchor to the luminal wall. Step 3 and 4 indicates the sequential inflation of the
middle and proximal McKibben AM.

recruitment McKibben AM bundle can adaptively
activate the minimum number of AMs to increase its
overall efficiency.

The parallel McKibben AM configuration can
also be used to generate bending motions. Typically,
McKibben AMs do not allow for bending motions, as
in their natural state they either contract or extend
and do not allow for passive extension. Therefore, in
order to achieve bending motions, in general at least
two McKibben AMs should be used in parallel for
planar motions and three McKibben AMs for spatial
motions, similar to how muscles attach to our bones
to initiate the movement of our joints. In a study
by Iwata et al [72], bendable and variable stiffness
McKibben AMs were manufactured consisting of an
extensible McKibben AM connected to a compress-
ible McKibben AM. This way, both bending and vari-
able stiffness could be achieved. Using twoMcKibben
AMs with a diameter of Ø 21 mm, they were able
to achieve a bending angle of 290◦. Another bending
configuration is proposed by Suzumori et al [85]. In
this multi-filamentedMcKibben AM (Ø 21mm), one
central contractingMcKibbenAMand five surround-
ing extending McKibben AMs were bundled using
non-elastic bands. Bending angles of up to 360◦ were
reached in a 1.5 m long prototype. Similar bundled
McKibben AM configurations are found in [86–91].
In the study of Lathrop et al [91], a slightly differ-
ent approach was taken in which four contracting
McKibben AMs were placed inside an outer slotted
tube, that enabled bending motions of the structure.

Since McKibben AMs cannot passively
lengthen, the performance of an antagonistic AMs

configuration is decreased, similar what was previ-
ously described. In the study of Vocke III et al [92],
the performance of an antagonistic McKibben AM
system was increased by decreasing the passive para-
sitic force caused by the opposing AM. It was found
that with the proper selection of design parameters,
including mechanism geometry and McKibben geo-
metry, an ideal McKibben AM configuration can be
chosen thatmaximises deflection for a given arbitrary
loading. In a study of Kang et al [17], flow dynam-
ics of a pneumatic valve and thermodynamics of
the inflating and deflating process are included to
formulate the pressure variance of the antagonistic
Mckibben AMs to yield better accuracy in high fre-
quency motions.

4.3.3. McKibben—braided
Next to parallel arrangements, the McKibben AMs
can be braided together to form one bigger braided
AM. Braided McKibben AMs have been shown to
increase the axial strain [93, 94]. In a study by
Koizumi et al [93], it was substantiated that the axial
strain of a biaxially braided McKibben AMs is larger
than the axial strain of a single McKibben muscle. In
this experimental study, the axial strain of braided
McKibben AMs consisting of 8, 12, or 16 strands
were comparedwith an individualMcKibbenAMand
eight McKibben AMs placed in parallel, all with a
length of 200 mm. The braided McKibben muscles
showcased a contracting ratio of 0.37; a 9% increase
compared to that of an individual McKibben AM.
In addition, the contracting force per muscle was
reduced by approximately 10% to 40% depending
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Figure 11. Braided McKibben artificial muscle (AM) Designs found in Literature. (a) Multi-braided structure, as proposed
by Koizumi et al [93, 94], Kadir et al [95] and Na et al [96]. (b) Wefted McKibben AM structure, proposed by Abe et al [82],
Hiramitsu et al [98] and Marshall et al [99]. (c) Interlaced braiding pattern in which one McKibben AM is interchanged between
the braids at certain instances, as proposed by Kurumaya et al [49]. (d) McKibben AM configured in a grid-like pattern with thin
plastic plates between layers, square clamps at intersections, and each McKibben AM folded back on itself to double the output
force, as proposed by Funabora et al [100]. (e) Cross-shaped braiding pattern, as proposed by Funabora et al [5, 101]. (f) Cross-
shaped braiding pattern of an active textile developed by Nakagawa et al [102].

on the braiding angle, due to the increase in friction
between the muscles. A similar result was observed in
the study of Kadir et al [95], in which the axial strain
significantly increased in a braided architecture, at the
cost of the contraction force.

In a follow-up study, Koizumi et al [94] developed
a double-braided structure increasing the axial strain
even further towards 0.41. It was found that there
is a positive correlation between the number of
braid cycles and the maximum axial strain, which
allowed for achieving axial strains of up to 0.41 with
a double-braided muscle, versus 0.36 in a single-
braidedmuscle. However, the axial strain was approx-
imately 11% lower thanwhat was found in the analyt-
ical model, which is hypothesised due to the increase
of friction as the number of braiding cycles increases,
which in turn is due to the increase in the number of
contact points between the muscles [94].

Another major advantage of using a braided
structure is its ability to be elongated by applying an
external force. Current parallel McKibben AMs can-
not passively or actively extend like natural muscles,
which make their use in antagonistic set-ups chal-
lenging, as previously discussed. In the study of Na
et al [96], they investigated the ability of the double-
braided structure proposed by Koizumi et al [94]
to be actively stretched for use in an antagonistic
set-up. They demonstrated that the driving range of
joint angle actuated by braidedMcKibben AMs (joint
angle of 73◦) was larger than that of the unbraided
McKibben AMs (joint angle of 88◦).

A different braid pattern was proposed by Abe
et al [97]. In this study, the ‘18 Weave’ pattern is
proposed in which one McKibben AMs is guided
through wefted McKibben AMs, see figure 11. Whilst
the axial strain is significantly lower than the braided

structure developed by Koizumi et al [94], an advant-
age of this structure is its flat configuration, which is
advantageous in, for example, exosuits or garments.
Kurumaya et al [49] developed yet another flat and
flexible braided McKibben structure consisting of
three braided strands that are interlaced by exchan-
ging a single muscle strand with each other at specific
positions along the length of the muscle. This braided
structure showed exceptional flexibility in compar-
ison to the ones developed by Abe and Koizumi et al
[93, 94, 97]. The experimental results demonstrated
that the initial braiding pitch influences both the con-
traction force and the axial strain. A maximum con-
traction force of 14.8 N and maximum axial strain of
0.34 was found using these braided muscles [49].

By integrating McKibben AMs into external
structures or matrices through weaving or braiding,
a wider range of movement patterns, such as twist-
ing and bending motions, can be achieved. In a study
conducted by Funabora et al [100], 18 McKibben
AMs were arranged in a 5 × 4 grid structure with
thin plastic plates between layers, square clamps at
intersections, and each muscle folded back on itself
to double the output force. This setup was integ-
rated into a garment to induce bending and twist-
ing motions of the back of the user. Subsequently,
Funabora [101] developed an active textile where 12
McKibben AMs were woven through a flexible rub-
ber structure in a cross-shaped pattern to enable in-
plane and out-of-plane bending, as well as twisting
motions. Similar cross-shaped pathways are observed
in an active textile developed by Nakagawa et al [102],
where 28 McKibben AMs were embroidered onto a
flexible textile, enabling in- and out-of-plane bend-
ing, as well as twisting motions, similar to the design
by Funabora [101].
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Figure 12. Pennate McKibben Artificial Muscle Designs found in Literature: (a) Bi-pennate muscle architecture proposed by
Duan et al [103] and Azizi et al [104] and (b) Pennate and bi-pennate architecture embedded in a compliant matrix proposed by
Wang et al [105].

In the research conducted by Hiramitsu et al [98],
McKibben AMwere integrated into textile structures,
comprising fabric strings or strips arranged in a plain
weave pattern. Within this pattern, one McKibben
AM was intricately woven through the structure,
serving as the thin warps, while the wefts consisted of
strings or strips constituting the textile. Through this
configuration, a contractile active textile was realised.
A similar architectural approach was observed in the
study conducted by Marshall et al [99]. Their find-
ings revealed that lower muscle density corresponded
to increased thickness during expansion and reduced
axial strain of the active textile.

A further iteration was made by Hiramitsu et al
[106], in which active textiles were proposed that
can achieve bending motions. In addition to a plain
weave, in this study a twill weave and sateen weave
pattern, in which a different amount of McKibben
AM run on the front and back of the textile, were
used to initiate bending motions. It was found that
the characteristics of the wefts (AMs that run hori-
zontally) and warps (AMs that run in vertically), such
as cross-sectional shape, bending stiffness and elasti-
city, determine the characteristic of the active textile.

4.3.4. McKibben—convergent
Multifilament muscles can have various shapes and
can mimic the shape of human muscles, including
convergent configurations [38]. The advantages of
multifilament muscles are that the points of force
application are easily altered and the output force
increases in proportion to the number of bundled
muscles [38]. A convergent muscle configuration was

found in the study of Kurumaya et al [107]. In this
study, two different types of convergent muscle con-
figurations were developed: (1) using two bundles of
60 McKibben AMs divided by an angle of 30◦ sim-
ilar to the biceps muscle and (2) using 16 McKibben
AMs that fan out, resulting in a flat muscle similar to
the deltoidmuscle. A axial strain of approximately 0.2
was found for each set-up.

4.3.5. McKibben—pennate
Studies focusing onMcKibben AMs often focus solely
on the contractile elements and rarely address the
contribution of flexible connective tissue that forms
an integral part of the morphology of biological
muscle. A fundamental feature of pennate muscles
is that muscle fibres are oriented at an angle to the
line of action and rotate as they shorten, becoming
more oblique throughout a contraction (figure 12).
This change in fibre orientation (pennation angle)
can amplify the shortening velocity of a fibre and
increase output velocity, output force and work out-
put capacity of the muscle [103, 104].

The velocity advantage resulting from dynamic
changes in the pennation angle can be characterised
as a gear ratio or amplification factor (muscle velo-
city/fibre velocity). A pennate muscle’s gear ratio var-
ies automatically depending on the load such that
a muscle operates with a high amplification dur-
ing rapid contractions and low amplification during
forceful contractions. Muscle force is attenuated by
the cosine of the pennation angle and a change in fibre
displacement is amplified by the secant of the penna-
tion angle [108]. For a contractile pennate actuator at
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a constant pressure, the initial configuration repres-
ents the maximum force because it is the minimum
pennation angle [108]. The transmission ratio TRforce

of the input to the output force can be found using the
following equation [108]:

TRforce =
Fm
xFc

= cosα. (15)

With Fm the muscle force exerted by the pen-
nate architecture set-up, x the number of individual
McKibben AMs in the set-up, Fc the contraction force
per muscle in line with the axial axis of each indi-
vidual McKibben AM in the set-up, and a the penna-
tion angle, which is defined as the angle between the
McKibben AMs and the vertical attachment point.

The muscle force Fm of a bipennate architecture
can be calculated using the following equations:

Fm = cosαxFc. (16)

Azizi et al [104] showed that a pennate-likeMcKibben
AM array can mimic the variable gearing mechan-
ism of natural pennate muscles. When the array con-
tracts against light loads, the individual McKibben
AMs undergo changes in pennation angle, the array
increases in thickness and produces a large displace-
ment. Conversely, when the array contracts against
heavy loads, the individualMcKibbenAMs rotate less,
the array increases less in thickness, produces a smal-
ler amount of displacement and a higher contraction
force. As a result, the actuator is automatically adap-
ted to the specific task.

In the study by Wang et al [105], McKibben-
type AMs were integrated into a flexible matrix
in a pennate architecture. The developed actuators
demonstrate that the material properties of both the
contractile units and connective tissue play a cru-
cial role in force generation, force transmission and
deformation.

5. New avenues: smart McKibbenmuscles

5.1. Smart braided sleeves and inner bladders
The braided outer sleeves of McKibben AMs are cru-
cial for their performance. The main function of
the braided sleeve is to convert the radial expan-
sion of the inner bladder to axial compression or
extension. However, the outer braided sleeve could
be used to alter the performance of the McKibben
AM or add extra functionalities, including sensing
capabilities [75, 109–123]. The braided sleeve of the
McKibben AMs could be sensorised by using smart
wire materials.

Conductive wires are able to sense contraction
and force bymeasuring the changes in coil inductance
[109, 110, 112, 114, 116, 117, 120, 124]. In a study
by Wakimoto et al [120], a McKibben AM with an

internal pressure-sensing function was proposed by
using one conductive wire in the sleeve. The applied
pressure on the McKibben AM was estimated by
observing the electrical resistance of the conduct-
ive fibre. Furthermore, research by Felt and Remy
[125] has shown that measuring the axial strain and
force is possible by interlacing conductive, insulated
wires through the braided sleeve. These wires act as
a solenoid-like circuit with an inductance that more
than doubles when the McKibben AM contracts. A
similar design was proposed by Erin et al [109]. In
this study, an inductive coil was wrapped around the
outer braided sleeve, which allowed formeasuring the
contraction force and the displacement through the
changes in coil inductance.

Conductivematerials andmechanisms can also be
added to the McKibben AM to enable displacement
sensing. Wakimoto et al [121, 126] proposed a sensor
made out of rubber and a conductive film integrated
into the inner pneumatic bladder. The dielectric elast-
omer sensor designed by Kanno et al [113] consisted
of thin, highly compliant dielectric and conductive
membranes, which allowed the length of the actu-
ator to be detected by reading the capacitance. The
sensor directly wrapped around the inner tube of the
McKibben AM. Other studies proposed conductive
rings placed concentric to the outer braided sleeve of
theMcKibbenAM to enable radial expansion sensing.
Zhong et al [123] proposed a soft radial sensor placed
around the McKibben AM composed of liquid metal
(gallium-indium-stannum) and a silicone substrate,
whereas Kuriyama et al [127] proposed an electro-
conductive rubber ring. Additionally, piezo-resistive
sensor placed in parallel to the McKibben AM [115],
a flexible strain sensor [111], a nylon string coated
sensor attached to the braid [128], and a telescopic
capacitive length transducer inside the lumen [129],
were proposed.

Optical fibres for contraction and shape sensing
were proposed by [118, 119, 122]. In the studies of
Tian et al [118] and Yoshimoto et al [122] a step-
index multimode optical fibre was integrated in the
McKibben AM, and the length was estimated based
on the change in the amount of light propagating in
the optical fibre. Akagi et al [130] proposed another
optical method to measure displacement in which a
photoflector was placed in the inner lumen of the
McKibben AM to measure the distance to the inner
pneumatic bladder during inflation.

Other designs incorporate a piezo-resistive sensor
placed in parallel to the McKibben AM [115], a soft
radial sensor placed around the McKibben AM com-
posed of liquid metal (gallium-indium-stannum)
and a silicone substrate [123], a dielectric elastomer
sensor integrated into the inner pneumatic bladder
[113, 131], a flexible strain sensor [111], a nylon
string coated sensor attached to the braid [128],
a photoflector placed in the inner lumen [130], a
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telescopic capacitive length transducer inside the
lumen [129], and an electroconductive rubber ring
placed concentric to the actuator [127]. The dielec-
tric elastomer sensor designed by Kanno et al [113]
consisted of thin, highly compliant dielectric and con-
ductive membranes, which allow the length of the
actuator to be detected by reading the capacitance.
In the study of Kumar et al [37], a hybrid McKibben
AM was proposed containing a dielectric bladder. A
mathematical model for this type of actuator is given
by Goulbourne [132].

In a study by Yahara et al [133], a smart outer
sleeve was developed containing helical SMP fibres.
The SMP wires allowed for changing the braiding
angle after fabrication, which in turn allowed for act-
ive alteration of the performance of the McKibben
AM. In the study by Takashima et al [134], the outer
sleeve of a commercially available McKibben AM
was impregnated with SMP resin. By actuating this
McKibben AM over the glass temperature (Tg), it
functions as a regular McKibben AM. However, the
McKibben AM can be cooled down below Tg to fix
the AM in this rigid, actuated, state. Smart materials
were also used in the study of Lopez-Diaz et al [135],
in which a self-healing hydrogel polymer was used as
the inner pneumatic bladder of the McKibben AM.
The developed self-healing hydrogel was able to self-
heal without the need for an external stimulus, which
could be beneficial to improve the durability of the
AM in the future.

5.2. Alternative manufacturing methods
Current McKibben AMs are mainly manufactured
using lab-scale braiding machines [1]. Although
these machines offer high precision, they suffer from
several essential disadvantages. Firstly, the braiding
machines are limited in generating only a narrow
range of braid angles. Secondly, producing a consist-
ent cover factor is limited due to the friction between
fibres. Third, long fibre lengths are needed to oper-
ate braiding machines, which limit the introduction
of novel fibre materials for research-scale production
especially when only short lengths of experimental
fibres are available [1].

An alternative way tomanufacture braided sleeves
is by using additive manufacturing or 3D-printing
[1]. 3D-printing allows for improved versatility in
controlling the materials, geometry and the structure
of the braids, as well as allow for direct printing of
the end connectors of the AM. In a study by Sangian
et al [136], an extrusion style 3D-printing machine
was used to manufacture a smart braided sleeve with
a cover factor of 0.47. Each individual printed wire
was made of PolyCaproLactone (PCL) and was pre-
cisely printed around a rotating cylindrical steel rod.
The right to left printing direction was first per-
formed and then the entire mandrel with the printed
helix was dip-coated in alginate solution and dried.

Subsequently, the left to right printing direction was
performed to form the second helical fibre on top of
the dry alginate film. Themandrel was then immersed
in the water bath to dissolve the alginate interlayer.

5.3. Alternative braided sleeves
The majority of the McKibben AMs use a biaxial
braiding pattern. Alternative braiding patterns are
rarely explored. Furthermore, other braiding meth-
ods, including triaxial braids could be explored. In
triaxial-braided fabric three sets of wires are used and
intertwined with each other around straight wires
at about a 45◦ angle. In this method, braiding very
dense structure patterns is less feasible compared to
biaxial-braided fabrics, but the axial directional prop-
erties are improved in this method. A major down-
side of this braiding method is the presence of the
axial braiding wires, which will counteract the com-
pression or extension in the muscle. Therefore, if
this type of braiding technique is considered, either
elastic or free-moving axial wires should be used. A
knitted McKibben AM was developed by Ball et al
[137] in which the sleeve expands by letting the
loops of fibre slide past each other, changing the
dimensions of the rectangular cells in the stitch pat-
tern. Preliminary tests showed that free contraction
greater than 50% is achievable using this knitting
pattern. However, the motion relied on using fibres
with low coefficient of friction in order to reduce
hysteresis.

In a study by Bennington et al [138], a viscoelastic
sheath was added to the outer sleeve. It was shown
that different polymeric sheaths could augment the
shape of a standard McKibben AM’s force-velocity
curve. Another alternative outer sleeve was presented
by Naclerio et al [139] in which a thin, single layer
of woven, bias-cut fabric was used that was foldable
when depressurised. The airtight fabric was adhered
together with a flexible adhesive, negating the need
for an inner bladder. Experiments showed less than
1%hysteresis. Similarly, a bellows-shaped outer sleeve
was proposed by Risangtuni et al [140] achieving an
elongation ratio of almost 70%.

5.4. Alternative actuationmethods
A major failure mode of McKibben AMs is rup-
ture of the inner pneumatic bladder. In an effort to
overcome this, research has been conducted to man-
ufacture bladderless McKibben AMs. A bladderless
McKibben muscles was developed by Sangian et al
[55], in which a thermally expanding paraffin wax
was used to replace the bladder. This paraffin wax
was contained within an electrically conductive braid
which allowed for Joule heating of the paraffin. Using
this method, Sangian et al [55] was able to manufac-
ture a lightweight muscle of 0.14 g with a diameter
of 1.4 mm which was capable of generating a tensile
stress of 50 kPa (0.039 N) in 20 s. The maximum
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axial strain of 0.1 was achieved in 60 s. In the study
by Salahuddin et al [141], a hydrogel-filledMcKibben
AMwas proposed. In this design, the inner pneumatic
bladder was replaced by thermo-responsive hydrogel
beads that can swell in the presence of water. The
hydrogelMcKibbenAMswere able to achieve a block-
ing force of 5–6 N and an axial strain of 0.07–0.08,
although the response time was very low (>1 h).

One of the challenges for McKibben AMs is that
they generally need air hoses and air sources like
compressors for actuation, which can lead to bulky
systems overall. Chemo-mechanical transformations
can be used to produce a mechanical force from a
reversible chemical reaction to generate muscle con-
traction. Nabae et al [142] propose an electrically
drivenMcKibben AM (Ø 4mm) using a tube-shaped
polymer electrolyte fuel cell (PEFC) using platinum
electrodes. In this design, the tube-shaped PEFC was
used to initiate a reversible gas/liquid chemical reac-
tion inside the McKibben AM to initiate expansion,
generating an axial strain of 0.047. In a follow-up
study by Kodaira et al [143], the axial strain (0.22),
response time (35 s) and durability of the PEFC
was improved by using an Au/Pt double-layer elec-
trode which decreased the appearance of cracks in the
electrode. In the study of Vial et al [144], another
chemo-mechanical reaction was proposed to actu-
ate a McKibben AM (Ø 15 mm) in which a granu-
lar ion-exchange polymer was placed inside the inner
pneumatic bladder. The addition of acidic (NaOH)
or alkaline (HCl) solutions provoked a swelling-
deswelling cycle, respectively, resulting in an axial
strain of 0.2, a blocking force of 332 N, and a response
time of 1313s. A similar approach was proposed by
Tondu et al [45].

Creating fully untethered McKibben AMs
involves integrating self-contained pneumatic or
other actuation system within the muscle struc-
ture to provide on-board actuation, eliminating the
need for external tethers. An untethered McKibben
AMs was proposed by Mirvakili et al [145], in which
a magnetically induced liquid-to-gas phase trans-
ition of a liquid created a volumetric expansion
(steam) and thus developed sufficient pressure inside
the McKibben AM for mechanical operations. The
untethered McKibben AM was able to generate actu-
ation strains of up to 20% (in 10 s). A stretchable
electrically-driven driven pump for McKibben AMs
was proposed by Cacucciolo et al [146]. This pump
was able to directly accelerate liquid molecules by
means of an electric field, requiring no moving parts,
obtaining a blocking force of 0.84 N and a maximum
axial strain of 0.02. In the paper by Sangian et al
[46], a small-size, fully enclosed, hydraulicMcKibben
muscle powered by a low voltage pump connec-
ted to a 25 ml water tank was investigated. These
muscles were able to generate a blocking force up
to 26 N and strains up to 23% at a water pressure
of 2.5 bar.

6. Discussion & conclusions

6.1. Summary of main findings
This review paper summarises the latest advance-
ments in the development of McKibben AMs, high-
lighting their performance and unique configura-
tions. Innovations in McKibben AM design have
led to enhanced performance characteristics, includ-
ing increased force output, improved efficiency, and
greater durability. By mimicking natural muscle con-
figurations, intricate motions can be created, includ-
ing bending motions, linear motions and twisting
motions. Smartly placing McKibben AMs in flexible
or soft structures can lead to intricate motions over-
all. Different architectures provide distinct perform-
ance advantages. Series configurations increase over-
all stroke and enable worm like or peristaltic loco-
motion. Parallel configurations enhance force out-
put and can provide variable stiffness, bending, twist-
ing, or antagonistic behaviour. Braided configura-
tions can increase achievable strain and facilitate flat
or textile integrated actuator geometries. Convergent
assemblies improve force density by combining mul-
tiple actuators into a shared output node, while pen-
nate configurations offer a tunable trade-off between
force and shortening velocity by adjusting the penna-
tion angle.

Current McKibben actuators still exhibit several
inherent limitations. Efficiency remains constrained
by elastomer viscoelastic losses [12]. Hysteresis and
friction, originating from bladder viscoelasticity,
braid elasticity and strand on strand interactions,
impede precision [39, 53, 54]. Environmental sens-
itivity also remains significant as material durability
is affected by temperature fluctuations and humidity
[147]. In addition, scaling effects become dominant
as actuators shrink, altering pressure–flow relation-
ships and mechanical response [14].

Recent developments offer promising avenues to
mitigate some of these limitations. Additive manu-
facturing and textile based architectures improve cus-
tomisation and achievable strain. For example, 3D
printed braided sleeves enable precise control over
braid angle and cover factor, offering more versat-
ile geometry tuning than traditional McKibben AMs
[1, 136]. Similarly, knitted sleeves [137] and mul-
tifilament braided designs [93, 97] enable flat or
textile integrated actuators, and can increase attain-
able contraction stroke. However, these approaches
still face material fatigue and hysteresis constraints
inherited from elastomeric bladders and fibre friction
[93, 97, 137].

Smart material based approaches further expand
design possibilities. SMP braids can tune contraction
characteristics [133] and stiffness [134] during oper-
ation, while self-healing hydrogel based McKibben
actuators provide autonomous damage mitigation
that may improve durability [135]. In parallel, blad-
der free or non-fluidic McKibben type actuators
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eliminate the need for compressors or pumps and
avoid leakage, trading untethered integration for
slow response times or thermal constraints [55, 141,
145]. Overall, thesematerial innovations address long
standing challenges such as fatigue resistance, leakage,
and system integration, but hysteresis and bandwidth
limitations remain challenges that these new designs
alone do not fully overcome.

Although the present review focuses on the design
and performance characteristics of McKibben AMs,
it is important to acknowledge the main applic-
ation domains that have shaped their develop-
ment. Broadly, McKibben AMs are often employed
in wearables and prosthetics, where they assist
or restore human motion through exoskeletons,
orthotic devices, prostheses, and rehabilitation sys-
tems. Depending on the required wearability and
compliance, they are either mounted on rigid frames
or integrated into garments or soft matrix structures.
A secondmajor domain is robotics andmanipulation,
including humanoid platforms, soft and continuum
manipulators, and a variety of locomotion systems.
These application areas highlight the versatility of
McKibben actuators and proves the importance of
understanding design parameters in the context of
practical deployment.

6.2. Limitation of this study
One limitation of this study arises from the exclus-
ive focus on papers that specifically include the
word ‘McKibben’ in their title or abstract. This
approach inherently restricts the breadth of the liter-
ature reviewed, potentially overlooking relevant stud-
ies that examine McKibben AMs under alternative
terminologies or broader categories of pneumatic
AMs. Our scope is limited to actuators explicitly
described asMcKibbenmuscles with external braided
sleeves. We acknowledge that this excludes certain
fibre-reinforced elastomer actuators and McKibben-
like designs. Consequently, important insights, com-
parative analyses, and advancements documented in
research that uses different nomenclature or focuses
on similar AM technologies may be excluded, lead-
ing to a narrower understanding of the current
state of knowledge and development in the field.
For example, fibre-reinforced elastomeric enclos-
ures fall outside our formal search results due to
terminology differences, but their related studies
present interesting architecture-level design strategies
using nested series configurations to amplify stroke
[148] and pennate arrangements to trade force and
contraction [149]. Future reviews could benefit from
a more inclusive search strategy that encompasses
a wider array of related terms and research con-
texts to capture a more comprehensive picture of
the advancements and challenges associated with
McKibben AMs. Additionally, for comparison of
performance characteristic of different muscle like
actuators (e.g. electroactive polymers, shape-memory

alloys, carbon-nanotube actuators, and other fluidic
AMs), we would like to refer the reader to existing
comprehensive reviews [150].

6.3. Recommendations for future research
Future research on McKibben AMs should priorit-
ise several critical areas to enhance their perform-
ance and expand their applicability. Innovations in
material science are essential, focusing on develop-
ing new composites and elastomers that improve dur-
ability, flexibility, and responsiveness of the inner
pneumatic bladder, thereby addressing issues like
fatigue resistance and operational lifespan. Efforts
to improve energy efficiency will make McKibben
AMsmore viable for portable and long-duration uses,
potentially involving optimised pneumatic systems
or alternative actuation methods. Miniaturisation of
these actuators is another key area, particularly for
expanding their use in medical devices such as min-
imally invasive surgical tools and wearable techno-
logies, which requires maintaining strength and effi-
ciency at smaller scales. Existing studies indicate that
miniaturisation can significantly alter pressure–force
behaviour andmaximum stroke, but a unified scaling
framework is still lacking [14].We therefore highlight
the development of such scaling laws as an import-
ant direction for future research. Finally, develop-
ing application-specific designs tailored to the unique
demands of different fields can maximise the effect-
iveness and versatility of McKibben AMs.
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