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A Compact McKibben Muscle Based Bending
Actuator for Close-to-Body Application in

Assistive Wearable Robots
Martin Tschiersky , Edsko E. G. Hekman , Member, IEEE, Dannis M. Brouwer ,

Just L. Herder , Member, IEEE, and Koichi Suzumori , Member, IEEE

Abstract—In this letter we demonstrate a pneumatic bending
actuator for upper-limb assistive wearable robots which uses thin
McKibben muscles in combination with a flexure strip. The actua-
tor features both active soft actuation and passive gravity support,
and in terms of force transmission bridges the gap between the
classic rigid type actuators and the emerging soft actuator tech-
nologies. Its flexure strip leverages the high-force low-displacement
properties of McKibben muscles towards a large rotational range of
motion and reduces localized forces at the attachments. We explain
the synthesis method by which these actuators can be obtained and
optimized for high specific moment output. Physical specimens of
three optimized actuator designs are built and tested on a dedicated
experimental setup, verifying the computational models. Further-
more, a proof-of-concept upper-limb assistive wearable robot is
presented to illustrate a practical application of this actuator and
its potential for close-to-body alignment. We found that based on
our currently available components actuators can be built which,
given a width of 80 mm, are able to produce a moment exceeding
4 Nm at an arm elevation of 90 deg.

Index Terms—Hydraulic/pneumatic actuators, physically
assistive devices, prosthetics and exoskeletons, upper-limb,
wearable robots.

I. INTRODUCTION

A SSISTIVE wearable robots are devices that are designed
to facilitate functional movements of its wearer. These

devices target people suffering from deficient motor function [1].
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By providing supporting forces and moments they mitigate the
effects of muscular weakness, and thereby restore the ability to
perform activities of daily living (ADLs). Thus, they can reduce
the need for external help and may enhance social participa-
tion [2], [3]. Yet, to this day, active assistive wearable devices
exhibit significant shortcomings which prevent their widespread
adoption [3]–[7]. Many of these can be traced back to the method
of actuation [3] which often determines the overall mechanical
structure of the device.

Traditionally, industrial grade actuation components in com-
bination with rigid braces or exoskeletons are used [2]. How-
ever, promising new technologies emerge from the field of soft
robotics, which increasingly permeate into the field of assistive
wearable devices. In comparison to their rigid counterparts soft
orthotic systems are generally cheaper, lighter and have lower
inertia. Furthermore, due to the absence of a rigid external struc-
ture they can feature a lower profile which makes them smaller,
and therefore, more portable, easier to conceal and potentially
even wearable underneath clothing [1]. These benefits of soft
robotic architectures are key advantages to raise the functional
and social acceptability [7] of assistive wearable robots in order
to promote their widespread adoption for everyday use [1], [2].

The two predominant actuation methods currently used in
wearable soft robotic devices are electric and pneumatic actu-
ation [1], [8]. Electric actuation is almost exclusively imple-
mented using cable-based transmission systems, which have the
ability to provide high forces and large displacements [1], [3].
Pneumatic actuation, on the other hand, boasts a wide range
of diverse implementations and embodiments. The advantages
of pneumatic actuators are their low impedance, low weight
and high power-to-weight ratio, when the pneumatic source is
neglected. However, their main disadvantages are, generally, a
low force and/or displacement capability [1].

The exception to this rule are the class of pneumatic artificial
muscles (PAMs) which, although limited in stroke, possess high
force capabilities. Several different embodiments of PAMs exist,
but the most established and most commonly used in wearable
robotic devices is the McKibben muscle type actuator [1], [9].
The basic structure of a McKibben muscle comprises a gas-tight
elastic inflatable tube or bladder surrounded by a helical braided
sleeve composed of flexible, inextensible threads. When pres-
sure is applied, the inner tube expands radially against the braid.
Due to the high longitudinal stiffness of the threads the actuator
has to shorten for its volume to increase. This causes the actuator
to contract and produce tension [9], [10]. Increasing efforts have
been made to miniaturize McKibben muscles [11]–[13]. These
miniaturized versions feature a reduced size and weight, while
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maintaining the high specific force and power characteristics.
In addition, they stay flexible when pressurized, allowing them
to bend while contracting [14]. These features make them ex-
ceptionally suitable for use in wearable soft robotic devices, as
they enable alignment very close to the body, distribution of
actuation across the body surface and organization into larger
structures, such as bundles [14], braids [15], weaves [16] and
active textiles [17], [18]. Their application to upper-limb soft
exosuits was previously shown by Abe et al. [16], [19].

However, McKibben muscles – similar to cable-based sys-
tems – apply tension forces very localized at their attachment
points. This can be a major design challenge for powerful
wearable soft robots due to the lack of a rigid frame to bear,
redirect and distribute these forces to the wearer’s body [1], [20].
Furthermore, to produce functional strokes McKibben muscles
require large lengths, resulting in extensive routing across the
body which can lead them to slide, apply uncomfortable forces
and restrict motion [21].

Therefore, we propose a pneumatic bending actuator (PBA)
which uses miniaturized McKibben muscles in combination
with a flexure strip to transform the linear displacements and
forces into rotational displacements and moments, respectively.
Many PBAs dedicated for use in wearable soft robotic devices
have been shown in previous works, some of them based on
McKibben muscles [22]. However, dedicated research towards
PBAs with maximized force or moment output, bending dis-
placement and power density is scarce [23].

We intend to leverage the high-force low-displacement prop-
erties of McKibben muscles through a flexure mechanism which
is optimized to maximize the moment for lifting the upper arm
while enabling a natural range of motion (ROM) and close-to-
body alignment. Thereby, we create an actuator which incorpo-
rates both active soft actuation and passive gravity assistance,
within a structure which exhibits the compliant characteristics
of soft robotic devices while featuring an external force trans-
mission behavior comparable to rigid exoskeletons.

Following this introduction we present the actuator design,
the computational models, the applied optimization as well as
the experiment in the Methods section. In the Results section
the outcomes of both the simulation based optimization and the
physical experiment are presented. Furthermore, the applica-
tion of the actuator to an upper-limb assistive wearable robot
is illustrated. The results are further elaborated upon within
the Discussion section. Lastly, in the Conclusion section we
concisely summarize all key findings.

II. METHODS

A. Application Requirements

The actuator presented in this letter is designated for use in an
upper-limb assistive wearable robot to provide active assistance
for lifting the arms from a relaxed position at 0 deg elevation to
≥90 deg elevation, while passively allowing for a full natural
ROM of up to 180 deg elevation. Its primary purpose is to
compensate for the weight of the arms. By augmenting the
wearers residual force to an elevation, i.e., flexion or abduction,
of at least 90 deg it could potentially assist in the execution of the
majority of ADLs found in literature [24]. Using the mean body
segment data of female and male subjects as provided by [25] we
calculate an external gravity moment acting on the shoulder joint
of 9.16 Nm when lifting a fully extended arm to 90 deg elevation.
During common ADLs maximum shoulder joint moments of up

to 14.3 ± 1.4 Nm are encountered [26]. In addition, the actuator
is supposed to stay very close to the body and have a low profile.
Studies on passive assistive orthoses have shown that devices
should generally stay within 30 mm from the body [2], and
below 20 mm to be wearable underneath clothing [27]. The
actuator is to be fixed to the top of the shoulder and to the
upper arm at each end, respectively. These regions are favorable
regarding natural self-perception and low obstructiveness [28].
As the actuator should wrap around the shoulder we determined,
based on anthropometric data [29] and own estimates, that the
minimum bending radius of the actuator should reach 80 mm or
less in order to achieve a close fit.

B. Actuator Design

The proposed actuator consists of a straight flexure strip,
which is subdivided into serial segments by means of equally
spaced brackets that extend unilaterally from the strip. One or
multiple miniaturized McKibben muscles run in parallel to the
flexure, and are routed through and fixed to the brackets along
their height. To avoid buckling, a central portion of the flexure
strip can be reinforced by locally increasing the thickness. Mul-
tiple actuator strips can be arranged in parallel, either loosely or
by physically merging them into one strip.

To enable bi-directional bending, and thus a natural ROM,
the fully extended, i.e., the uninflated and unstressed length of
the McKibben muscles has to be longer than the flexure length.
Therefore, the McKibben muscles are compressed between each
pair of brackets, externally applying an initial contraction to the
braided sleeve before they are fixed.

When the McKibben muscles are inflated their internal blad-
der causes them to contract further, and depending on the applied
pneumatic pressure and the deflection state of the actuator, exert
tension forces onto the brackets. The brackets, effectively acting
as levers, transfer these forces to the flexure and induce moments.
The actuator reaches an equilibrium state when the moments
created by the McKibben muscles, the bending moments of the
flexure strip, and the external moment loads are in balance.

C. Materials

For the flexure strip SK85 hardened steel sheets are used.
Based on their specified hardness (HRC 42 ∼ 46) a tensile
strength of σt = 1435 MPa is determined [30]. The brackets and
flexure reinforcement are made from an acrylonitrile-butadiene-
styrene (ABS) copolymer [31]. The miniaturized McKibben
muscles used in this study are production prototypes provided by
s-muscle Co. Ltd. which have an uninflated and inflated diameter
3 and 5 mm, respectively. Their pressure dependent stiffness
properties are determined in isobaric quasistatic experiments on
a tensile test setup consisting of a COMS PM80B-50X linear
precision stage, Nidec-Shimpo FGP-50 digital force gauge, AN-
EST IWATA SLP-07EED air compressor and a CKD RP1000-
8-07 precision regulator. This setup is identical to the one used
in [15], [16] and [18]. Aside from measurements within the
normal operating range, additional measurements for 0 and
0.5 MPa are conducted to determine the stiffness beyond the
fully extended state.

D. Parametrization

The actuator geometry is described using the design parame-
ters shown in Fig. 1. To achieve a maximum power density the
unit’s width w and the vertical distances between the McKibben
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Fig. 1. Parametrized actuator unit geometry. McKibben muscles are shown
in red, their tip portions in dark red, the flexure strip in blue, the rigid brackets
in light gray and the reinforced section in dark gray. Characters in black depict
optimization parameters, in gray manually set parameters and in red the McK-
ibben muscle indices. Serial and parallel units are indicated as half-transparent
geometries.

muscles h are set equal to the inflated diameter of the McKibben
muscles of 5 mm. To maintain a total height below 20 mm the
number of McKibben muscles is limited to three and the height
of the first McKibben muscle above the flexurehm is set to 5 mm.
With regards to manufacturing the bracket length b is also chosen
to be 5 mm. The flexure thickness t is varied between 0.1 and
0.9 mm. The flexure length l, its reinforced portion p and the
initial contraction ratios εinit for each McKibben muscle are
the optimization variables constituting the parameter vector.

x = [l, p, εinitA , εinitB , εinitC ] (1)

The contraction ratio ε is defined as the relative shortening in
respect to the uninflated and unstressed state.

ε = 1− ł
ł0

(2)

where ł is the current length of the McKibben muscle and ł0
its length at rest. In case of εinit the length ł equals the flexure
length (łinit= l) and ł0 is the uninflated length at rest, before
assembly. εinit is limited to 0.1806, the maximum contraction
ratio εmax at 0.5 MPa, to avoid that the fully contracted length
at 0.5 MPa exceeds the flexure length.

E. McKibben Muscle Model

McKibben muscles can be regarded as active nonlinear
springs, where the stiffness can be controlled by the applied
pressure P [32]. However, since in this study we are only
concerned with the isobaric behavior at two distinct pressure
states, the minimum and maximum operating pressures 0 and
0.5 MPa, respectively, we model the McKibben muscles as
passive elements.

Their stiffness behavior is separated into three regions: a
region of approximately linear stiffness in the operating range
0 ≤ ε ≤ εmax, a region of rapid nonlinear stiffness increase
for ε < 0 and a region of rapid nonlinear stiffness decrease
for ε > εmax. Accordingly, the measurement data between
ε = 0 and 0 N tensile force (ε = εmax) are fitted using a

first order polynomial. The data for ε < 0 are fitted using a
third order polynomial.

F =

{
kl1ε+ C, if ε ≥ 0

knl3ε
3 + knl2ε

2 + knl3ε+ C, if ε < 0
(3)

where F is the tension force exerted by the McKibben muscle,
k are the elongation stiffness coefficients and C is a constant
depicting the tension force at ε = 0. To obtain a continuous
function the constant C is equal for both cases. The rapid
stiffness decrease for ε > εmax is achieved by assigning a low
bending stiffness to the McKibben muscle elements which leads
them to immediately buckle under compressive loads.

When McKibben muscles contract their diameter expands.
However, at the tips where the McKibben muscles connect to
the brackets the diameter is fixed to its initial value. This results
in a region where the diameter transitions from the initial value
to the contraction dependent value of the uniformly cylindrical
portion. Due to this geometry constraint the deformations at
the non-cylindrical tips are restricted which leads to a loss
of contraction capability with respect to a purely cylindrical
McKibben muscle [32]. This loss can be expressed as a reduction
of the McKibben muscle length ł which amounts to twice the
difference between the initial radius r0 and the radius of the
cylindrical portion r [33].

ł ′ = ł − 2(r − r0) (4)

where ł ′ is the corrected length.

F. Simulation

A single actuator unit of the mechanism shown in Fig. 1
is modeled in the flexible multibody dynamics software pack-
age SPACAR [34] using finite two-node beam elements, which
include geometric nonlinearities and flexibility formulated in
discrete deformation modes. The flexure strip is modeled as a
chain of flexible beam elements with rectangular cross-section.
The brackets and the reinforced section are modeled as rigid
beams. When p ≤ 0.01, the reinforced section is omitted. The
McKibben muscles are implemented as chains of beam elements
with circular cross-section, which feature the stiffness properties
described in subsection II-E. Furthermore, their lengths are cor-
rected using the minimum and maximum radii 1.5 and 2.5 mm,
respectively, which yields a tip length of 1 mm reducing the
initial McKibben muscle lengths łinit by an absolute value of
2 mm. The McKibben muscle elements are inserted into the
model at their corrected minimum contracted length for the
given pressure. This is done to achieve zero tension force at
that length (ε = εmax) as well as buckling for smaller lengths
(ε > εmax). The inactive tip portions are appended to each side
of the McKibben muscles. These feature the same bending
stiffness as the active portion but have an infinite elongation
stiffness.

With this model kinetostatic simulations are performed to
determine the significant characteristics of a specific actuator
design. This is done in a two-step procedure, depicted in Fig. 2.
First, the McKibben muscles are pre-loaded using rigid beam
elements that extend from one end of the contracted McKibben
muscles to the bracket. The rigid elements shorten to zero length
applying tension to the McKibben muscles. This is equivalent
to pressurizing the McKibben muscles, given they were directly
connected to the brackets.
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Fig. 2. Two-step simulation procedure. The top two sub-figures show the pre-
loading of the McKibben muscles from state 1 to state 2 by shortening the
pre-loading beam elements, depicted in teal. The bottom two sub-figures show
the primary load case, where the rotation ϕ is applied to the right bracket - first
in positive direction (state 3) and consecutively in negative direction (state 4).
Beam element borders are indicated by solid black lines. The remaining color
coding is identical to Fig. 1.

This pre-loaded state marks the initial step of the primary load
case in which the left bracket of the actuator unit is fixed while
the right bracket is rotated by an angle ϕ which is first applied
in positive and consecutively in negative direction. The amount
of rotation, i.e., the range of ϕ is set using the flexure length l
and the desired minimum bending radius ρ∗ = 80 mm, applying
an additional 50 % margin.

ϕ ∈ [−1.5 l/ρ∗ . . . 1.5 l/ρ∗] rad (5)

G. Optimization

Using the computational model which is described in the
previous subsection II-F the mechanism is optimized to max-
imize the moment M at the position ϕ = 0 rad which, given the
intended actuator placement, corresponds to an arm elevation
angle of 90 deg. Thus, the objective is

δ = M−1
(ϕ=0) (6)

In order to meet the requirements set in subsection II-A and to
obtain a feasible design, penaltiesp are multiplied with a penalty
coefficient kp =105 and added to the objective. The first penalty
applies in case the bending radius ρ does not reach the desired
value ρ∗ before one of the McKibben muscles is fully extended.
The bending radius is determined by fitting a circle tangentially
to the centers of the brackets.

p1 =

{
0, if ρ− ρ∗ ≤ 0
ρ− ρ∗, if ρ− ρ∗ > 0

(7)

ρ =

(
l

ϕ(ε=εmax)
+ (b/2)2

)1/2

(8)

The second penalty applies in case the von Mises stress in the
flexure exceeds a limit value σmax. The von Mises stress is
determined for each load step where 0 ≤ ε ≤ εmax.

p2 =

{
0, if σmises − σmax ≤ 0
σmises − σmax, if σmises − σmax > 0

(9)

σmax = σt/FOS (10)

Fig. 3. Test specimens. Multi-unit specimens are shown to the left and the
respective single-unit specimens to the right. Flexure thicknesses from top to
bottom: t = 0.3, 0.4 and 0.5 mm.

where σt is the tensile strength of the flexure material and
FOS = 1.2 is applied as a factor of safety.

The cost function for the minimization problem thus becomes

f(x) = δ + kp(p1 + p2) (11)

According to this cost function ideal parameter sets x∗ are
determined using the Genetic Algorithm function ga() from the
MATLAB Global Optimization Toolbox.

H. Specimens

To validate the simulation and optimization results, physical
specimens based on the optimized results for the flexure thick-
nesses 0.3, 0.4 and 0.5 mm are manufactured and tested. The
used materials are described in subsection II-C. Each specimen
consists of one flexure, three McKibben muscles and seven
individual parts which are produced in ABS via fused deposition
modeling on a Zortrax M200 and M300. All parts are joined
together using Loctite 401 instant adhesive. Two ABS parts
are glued to the flexure which form a brace that contains the
stiffeners as well as frames for each bracket. The McKibben
muscles are sealed off to one side and routed through and fixed
to a chain of 5 × 5 × 5 mm brackets with 3 mm through-holes.
For each McKibben muscle the space between the brackets is
set according to their computed length at rest ł0. Correct spacing
between parts is achieved by thin struts that are removed after
assembly. At the open end of the McKibben muscles 50 mm long
pieces of polyurethane tube are attached as pressure inlets. The
individual tubes lead to an ABS manifold part where they are
merged into a single tube which connects to the pressure supply.
Subsequently, the brackets are placed inside and glued to the
bracket frames. In doing so the correct amount of pre-contraction
is applied to each McKibben muscle. At both terminal points of
the actuator interface parts are attached, which are used to mount
the actuator to the test setup using M3 bolts.

For each flexure thickness one actuator consisting of a single
unit and one consisting of multiple units is produced. The
number of units is determined such that the actuator can attain
a total deflection of at least ±90 deg. All six tested physical
specimens are shown in Fig. 3.
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Fig. 4. Experimental setup to measure the pressure and angle dependent
moments. (a) lever (rotary axis indicated by dashed line), (b) conical tip,
(c) force gauge, (d) coiled tube (pressure supply), (e) linear guide 1, (f) specimen,
(g) linear guide 2, (h) manual rotary stage, (i) regulator.

I. Test Setup

To test the angle dependent moment characteristic of each
actuator a dedicated test setup, shown in Fig. 4, is built which
emulates the load conditions set in the simulation. The test spec-
imen is fixed on one end to a linear guide, connected to a second
linear guide which is oriented perpendicular to the first and in
turn is connected to a Zolix Instruments RSM100-1 W manual
rotary stage. This arrangement enables the application of precise
rotations without imposing translational constraints within the
plane. Therefore, only a moment is transmitted and measured.
The other end is fixed to a lever made from 10 mm thick steel
plate which rests on a flange that connects to a shaft via two ball
bearings. The rotation of the lever is unilaterally blocked by a
Nidec-Shimpo FGP-5 digital force gauge which connects to the
lever via a cone shaped tip which is placed at a distance of 50 mm
from the rotation axis. In this way, the moments exerted by the
actuator onto the lever can be accurately measured. All elements
of the test setup connect to each other via 3 mm thick steel
mounting plates, 20 × 20 mm aluminum extrusions and a 10 mm
thick aluminum optical plate which forms the base of the setup.
Pressure to the McKibben muscles is supplied through a coiled
tube which is suspended from the ceiling to minimize external
moments and forces exerted onto the test setup. The pressure is
supplied by a ANEST IWATA SLP-07EED air compressor and
controlled using a CKD RP1000-8-07 precision regulator.

J. Experiment

Using this test setup all six test specimens are characterized
under quasistatic conditions at inlet pressures of 0 and 0.5 MPa.
The specimens are fixed to the setup at a zero deflection angle and
the inlet pressure is set to the specified value using the regulator.
The angle is manually adjusted in intervals of 2 and 5 deg for
the single-unit and the multi-unit specimens, respectively, and
the force is read from the force gauge display. First, the angle is
adjusted from its initial position at the zero angle to the minimum
negative angle, then to the maximum positive angle, and back
to the zero angle. These minimum and maximum angles are
either the values of maximum von Mises stress as determined
in simulation for the specific specimen or are dictated by the

Fig. 5. Isobaric McKibben muscle stiffness. The thin solid lines represent the
mean of five consecutive measurements (counter-clockwise direction), the thick
solid lines their average, i.e., the center of the hysteresis field. The blue and the
red dashed lines show the fitted stiffness models for 0 and 0.5 MPa, respectively,
which are used in the simulations.

TABLE I
McKibben MUSCLE STIFFNESS MODEL

TABLE II
OPTIMIZED PARAMETERS

*McKibben muscle intersecting flexure in simulation.

test setup which is limited to a range of −35 to 100 deg, before
its components collide. The procedure is repeated five times
for each specimen and the data of the five measurements are
averaged to obtain the characteristic angle to moment behavior
of the respective actuator.

III. RESULTS

The stiffness of the McKibben muscle, measured according
to subsection II-C, as well as the modeled stiffness are shown in
Fig. 5. The parameters of the stiffness model fitted according to
subsection II-E are presented in Table I.

The optimized parameters and moments at ϕ = 0 rad for the
individual actuator configurations are given in Table II. Several
trends can be observed. With increasing flexure thickness t, the
moment M(ϕ=0) and the length l increase. Conversely, with the
exception of t= 0.5 and 0.4 mm which have similar values, the
relative size of the stiffener section p decreases and the values
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Fig. 6. Simulated moment response curves. From top to bottom: t = 0.3, 0.4
and 0.5 mm. The solid lines transition into dashed lines at the point where the
maximum von Mises stress is exceeded. The normal operating range, i.e., the
range in which the absolute bending radius |ρ| is ≥ 80 mm, is highlighted by
a white background while the shaded areas indicate the regions outside of this
range. The thin dotted lines indicate ϕ= 0 and M = 0, respectively. From this
figure it can be seen that the McKibben muscles start contributing to the overall
stiffness at different angles, beginning with muscle A and ending with muscle
C, shortly before ϕ = 0. The stiffness added by each consecutive McKibben
muscle increases with respect to the prior ones. Beyond the upper end of the
operating range a rapid increase in stiffness can be observed for the ABC curves,
while the AB curves exhibit only a slight and the A curves no increase, which
points to McKibben muscle C being the main cause.

of εinit also decrease. However, all these trends are broken and
mostly reversed at t ≥ 0.7 mm.

The simulated angle dependent moment curves of the opti-
mized designs for t = 0.3, 0.4 and 0.5 mm are shown in Fig. 6.
To illustrate the contribution of each McKibben muscle to the
total moment of the actuator, the figure also shows simulation
data for the cases when either only McKibben muscle A, or
the combination of McKibben muscles A and B are used in the
computational model. To further exemplify this Fig. 7 shows the
angle dependent tension force of each McKibben muscle for all
three flexure thicknesses.

The experimental results for the specimens with t = 0.3,
0.4 and 0.5 mm thickness are shown in Fig. 8. The respective
measured moments at the straight position (ϕ = 0) are 0.246,
0.256 and 0.312 Nm for the single-units and 0.220, 0.274 and
0.270 Nm for the multi-units. The physical geometries have been
measured, revealing that the value of hm in all test specimens is
significantly larger by 0.71, 0.76 and 0.85 mm (14.2 %, 15.1 %

Fig. 7. Simulated force response curves. From light to dark: t = 0.3, 0.4
and 0.5 mm. The solid lines transition into dashed lines at the point where
the maximum von Mises stress is exceeded. The shaded areas adhere to the
same color grading and indicate the respective regions outside of the normal
operating range. The thin dotted lines indicate ϕ = 0 and F = 0, respectively.
This figure shows that optimized designs are characterized by the force curves of
all McKibben muscles intersecting at a point close to the end of their respective
operating range, after which the stiffness of muscles A and B increases. The
force exerted at these intersection points is similar across all McKibben muscles
and optimized designs, yet occurring at different angles.

and 17.1 %), respectively. Therefore, simulations with adjusted
hm are conducted and presented as well in Fig. 8. The root-
mean-square errors (RMSE) between the measurements and the
corrected simulation data are presented in Fig. 8 and are in the
range between 0.013 and 0.049 Nm.

To illustrate of a potential application of the actuator, a wear-
able proof-of-concept prototype based on the optimized design
for t = 0.4 mm was built and is shown in Fig. 9. Its unilateral
actuator is 80 mm wide, giving it a theoretical moment output of
3.76 Nm at 90 deg arm elevation which is 41 % of the required
moment to lift a fully extended arm.

IV. DISCUSSION

The results support that the presented synthesis method is
suitable to obtain bending actuators with maximized moment
outputs for a given set of components. Generally, it can be stated
that a larger flexure thickness increases the buckling resistance
and bending stiffness, but also the bending stress at a given
bending radius. Due to the increase in buckling resistance, the
flexure itself can withstand higher compressive forces exerted
by the McKibben muscles. Furthermore, the McKibben muscles
together with the flexure can become longer and the reinforced
section shorter. This allows for a larger moment at ϕ = 0 rad,
while maintaining the necessary ROM. Adversely affecting
this, however, is the bending stress which for flexure thick-
nesses t ≥ 0.7 mm and the required minimum bending radius
of ρ∗ ≤ 80 mm apparently becomes the limiting factor to the
acquirable moment atϕ=0 rad. The effect of increasing bending
stiffness is ambivalent. While it passively provides a moment
that counteracts gravity, and thereby relieving the McKibben
muscles and lowering the energy requirement, it could become
disadvantageous in an assistive device, if considerable force is
required by the user to reach the full natural ROM. The flexure
thicknesses t= 0.3, 0.4 and 0.5 mm were chosen for evaluation,
as their stiffnesses appeared to lie within a favorable range.

For longer flexure lengths the simulation showed intersection
of the flexure and McKibben muscle A. To avoid this an intersec-
tion penalty could be added, contact modeled and hm adjusted
or used as a design variable. However, for the specimens with



3048 IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 5, NO. 2, APRIL 2020

Fig. 8. Experimental results. From top to bottom t= 0.3, 0.4 and 0.5 mm. The
thin solid lines represent the mean of five consecutive measurements (clockwise
direction), the thick solid lines their average, i.e., the center of the hysteresis
field. The dashed lines show the simulated moment curves using the optimized
parameters. The dotted lines show the simulated moment curves using the mea-
sured values for the parameter hm. The normal operating range is highlighted
by a white background while the shaded areas indicate the regions outside of
this range. The thin dotted lines indicate ϕ = 0 and M = 0, respectively. The
multi-unit result angles are divided by the number of units. Their actual angles
are indicated in gray on the top. The root-mean-square error (RMSE) for each
measurement with respect to the corrected simulation data (dotted line) is shown
in brackets. These results show that the experimental results for both single units
and multiple units generally show good agreement with the simulated results, if
the measured geometric dimensions of the physical specimens are used in the
computational model.

flexure thickness t= 0.5 mm no negative effect of this could be
observed during experiments.

With respect to the experimental validation some uncertainties
remain. In the tension tests it was difficult to determine the exact
absolute position that corresponds to a zero contraction ratio.
Consequently, the measured stiffness curves, shown in Fig. 5,
may be slightly shifted along the x-axis with respect to reality.
This, along with the manufacturing inaccuracies are probably
the main reasons for the discrepancies between the simulated

Fig. 9. Wearable proof-of-concept prototype worn by a healthy subject. This
figure illustrates the actuator’s potential to achieve close alignment to the body
and an overall small size of the resulting assistive device.

and the measured behavior of the actuators. In comparison to
the initial predictions the moments at ϕ = 0 rad are 5 to 28 %
higher and the onsets of the rapidly increasing stiffness occur
up to 7 and 21 deg earlier for the single-unit and multi-unit
specimens, respectively. Adjusting the parameter hm according
to the measured geometry improved the match to a maximum
deviation of 4 and 11 deg, respectively.

The wearable prototype illustrates the potential of this actua-
tor design regarding its size and close-to-body alignment. How-
ever, using our currently available components it is likely too
weak for practical purposes. By using the design for t= 0.6 mm
its theoretical moment output could be raised to 4.21 Nm, i.e.,
46 % of the required moment.

Considering the values of εinitC which all approach the limit
εmax = 0.1806, adding a fourth McKibben muscle of the same
type does not seem a feasible option to further increase the
moment atϕ= 0 rad. Therefore, to improve the performance the
active components need to be revised. To this end, the maximum
contraction ratios of the McKibben muscles could be customized
according to their height above the flexure, e.g. by adjusting
the braid angles. This would potentially also enable the use of
additional McKibben muscles along the height. Alternatively,
the pneumatic McKibben muscles may be replaced by more
powerful alternatives, such as hydraulic artificial muscles and
cable-based actuation systems.

The actuator concept can potentially be applied to other
joints of the human body. This, however, will in most cases
require the actuator to be optimized for different bending angles
and bending radii. If two-way actuation is required, McKibben
muscles could be placed to either side of the actuator, or an
antagonistic pair of unilaterally acting actuators could be used.

V. CONCLUSION

The pneumatic bending actuator proposed in this letter is the
first to combine McKibben muscles with flexures, resulting in a
leveraged large rotational range of motion and reduced localized
forces at the attachments. A method is presented to optimize the
actuator design towards a maximum output moment, given a
set of basic components and initial design specifications. The
computational results are verified by experiments, displaying
the ability of this actuator to provide assistance while allowing
for a natural range of motion in the actuated degree of freedom.
Its close-to-body alignment and potential for building small size
upper-limb assistive wearable robots is illustrated by means of a
proof-of-concept prototype. When employed on an upper-limb
wearable robot and given a width of 80 mm, the optimized
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designs can theoretically produce a moment of up to 4.21 Nm
at 90 deg arm elevation.
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