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Abstract— We describe the design, fabrication, and charac-
terization of a novel pneumatic artificial muscle actuator with
embedded contraction sensing. The muscle is composed of three
main components: elastomer air chamber, embedded Kevlar
threads, and a helical microchannel filled with a liquid conductor.
When the air chamber is inflated with compressed air, the
constrained length of the Kevlar threads causes the muscle
to contract in the axial direction. During this contraction, the
microchannel can detect the shape change of the muscle by
sensing, the expansion of the air chamber. This sensing capability
increases the controllability of pneumatic muscles. A novel
manufacturing method is proposed to embed Kevlar threads and
a helical microchannel in an elastomer tube. Then, a liquid metal
is injected into the microchannel to make a soft sensor that
can detect the geometrical change of the muscle. The muscle
prototype was characterized to demonstrate its actuation and
sensing capability.

I. INTRODUCTION

Pneumatic artificial muscles (PAMs) have been widely used
in robotics and automation since they can easily generate
linear forces and displacements with a relatively compliant,
compact, and lightweight form [1]. Examples of applications
based on their inherent compliance include human-friendly
robots [2], robotic orthotic devices [3], [4], and soft wearable
robots [5], [6]. The operating principle of this type of actuator
is axial contraction of a flexible air chamber caused by radial
expansion of the chamber when filled with compressed air. To
create axial contraction motion and/or force, the air chamber is
geometrically constrained using different mechanisms. Some
examples include Mckibben muscles that enclose a stretchable
air chamber with a braided mesh [7], [8], pleated muscles with
a number of axial pleats directly fabricated on an air chamber
membrane [9], [10], and fiber reinforced muscles that embed
straight fibers in a rubber air chamber [11], [12].

However, one typical limitation of these actuators is their
highly non-linear behavior. This non-linearity makes it difficult
to develop an accurate predictive model and consequently to
control for robotic applications. Furthermore, the addition of
external measurement devices for control, such as position
and force sensors, makes the entire mechanical system bulky
and complicated. Different approaches have been proposed
to integrated sensing materials, such as conductive rubber
tubes [13], conductive paste films [14], [15], and dielectric
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Fig. 1. (a) Multi-layered elastomer tube design with embedded Kevlar threads
and a helical microchannel. (b) Complete prototype.

polymers [16], for pneumatic and other soft actuators. How-
ever, conductive rubber materials do not provide accurate and
reliable measurements, and dielectric polymer materials cannot
be employed for large strains.

In this paper, we propose a smart artificial pneumatic muscle
able to detect its contraction length by employing hyperelastic
strain sensing with embedded microchannels filled with a liq-
uid conductor (e.g. eutectic Gallium Indium, eGaIn) [17], [18].
The paper describes the design and fabrication of the prototype
followed by characterization of the force, displacement, and
sensor output. The prototype demonstrated highly linear and
repeatable sensor responses for measuring muscle contraction.

II. DESIGN

The base structure of the muscle is a double-layered elas-
tomer tube (Fig. 1). The inner layer contains parallel Kevlar
threads. Compressed air injected into the air chamber expands
the muscle in a radial direction and the constrained length
of the Kevlar threads creates axial contraction of the muscle.
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Fig. 2. Muscle behavior and sensing principle. (a) Relaxed muscle. (b) Pres-
surized muscle for axial contraction. The helical microchannel is elongated
due to the muscle’s radial expansion.

The outer layer contains an embedded helical microchannel
filled with eGaIn. The radial expansion of the muscle during
axial contraction causes the elongation of the microchannel,
resulting in increased electrical resistance of the microchannel
(Fig. 2).

The resistance change of the microchannel is used to detect
the contraction length of the muscle. Since the microchan-
nel is embedded outside the Kevlar thread layer, its shape
change is only dependent on the geometry change of the
entire tube. Also, the helical microchannel design makes the
sensor sensitive only to radial expansion of the muscle since
axial contraction alone does not change the length of the
microchannel.

III. FABRICATION

The muscle prototype was fabricated using a similar method
to the extended shape deposition manufacturing (SDM) pro-
cess that was introduced for building sensor embedded ex-
oskeletal robotic structures [19], [20]. In our process, 3D
printed molds were used for casting an elastomer structure
instead of individually machined molds.

The base material of the muscle is silicone rubber1 (modu-
lus: 150 kPa, shore A hardness: 10A), which was chosen for
its stretchability (elongation at break: 1000%) and relatively
high tensile strength (3275 kPa).

1Dragonskin 10, Smooth-On, Inc.
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Fig. 3. Fabrication Process. (a) Prepare molds (blue: cylindrical outer mold,
brown: solid inner mold). (b) Place straight Kevlar threads. (c) Pour uncured
liquid elastomer. (d) Remove the outer mold when the elastomer cures. (e)
Wrap the cured elastomer tube with a low-friction fiber in a helical shape.
(f) Prepare a larger outer mold. (g) Pour another layer of uncured liquid
elastomer. (h) Remover the outer and inner molds when the elastomer cures.
(i) Remove the low-friction fiber by pulling for a helical microchannel.

The fabrication process can be divided into two major steps:
inner layer casting with Kevlar threads and outer layer casting
with a helical microchannel.

In the first step, shown in Fig. 3(a)-(d), the outer and inner
molds are prepared using a 3D printer2, and Kevlar threads3

(diameter: 350 µm) are embedded with an equally spaced
straight-line pattern. When the elastomer cures, the outer mold
is removed, but the inter mold is kept in the elastomer tube.

In the second step, shown in Fig. 3(e)-(i), the cured elas-
tomer tube with the inner mold is wrapped with a high-
strength, low-friction fiber4 (diameter: 120 µm) in a helical
shape. Then, another elastomer layer is cast using a new outer
mold that is slightly larger than the first outer mold. Since
the low-friction fiber is used to form an embedded helical
microchannel when it is pulled out of the cured elastomer,
its diameter determines the size of the microchannel. After
removing both the outer and inner molds, eGaIn is injected
into the helical microchannel.

2Objet500 Connex, Stratasys Ltd.
38800K41, McMaster-Carr.
4Spectra Braid Fishing Line, PEX.
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Fig. 4. Muscle prototype relaxed (top) and pressurized at 70 kPa (bottom).
The elongation of the microchannel is observed with muscle actuation.

IV. RESULTS

Fig. 1(b) shows the complete prototype, and Fig. 4 demon-
strates actuation of the muscle prototype with compressed air.
The relaxed length of the muscle is 40 mm. The outer diameter
of the muscle is 9 mm, and the wall thickness of each layer is
1 mm, which makes the inner diameter 5 mm. The diameter
and length of the helical microchannel are approximately
120 µm and 162 mm, respectively. A total of 20 Kevlar
threads were embedded at 18◦ intervals. The weight of the
complete prototype including pneumatic fittings, metal crimps,
and signal wires is 7.5 g.

The prototype was characterized for its actuation and sens-
ing capability by applying different air pressures, as shown
in Fig. 5. While applying varied air pressures, the contraction
force and length change of the muscle were measured using a
commercial materials tester5. The air pressure was gradually
increased up to 105 kPa. The prototype was able to create
linear contraction force and strain up to approximately 65 N
and 22.5%, respectively. The actuation behavior was highly
non-linear, as expected, but repeatable. During this experiment,
the resistance change of the eGaIn sensor was also measured.
The original resistance at rest was approximately 0.5 Ω,
and with muscle contraction, the resistance increased up to
5 Ω. The result showed high linearity and low hysteresis in
sensing muscle contraction with a sensitivity of approximately
0.5 Ω/mm.

V. DISCUSSION

The main contribution of this work is the design of a sensor-
embedded pneumatic artificial muscle and the development
of a novel fabrication method. The current design provides
position sensing of muscle contraction requiring no external
sensors. When integrated into a robotic system for actuation,
the proposed muscles will not only facilitate the control but
also make the mechanical system compact and simple.

Although the embedded position sensing capability of the
current design is highly useful for control, contraction force
is also critical information. Force sensing is currently being

5Instron 5544A, Instron.
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Fig. 5. Prototype characterization results: (a) Actuation characterization.
Shaded band represents the standard deviation of five trials for each pressure
value. (b) Sensor characterization.

investigated by adding another layer containing a pressure-
sensing eGaIn microchannel [18], [21]. The combination of
the two sensing layers could be used to decouple position
and force information. Being equipped with both force and
position sensors in a compact form, this smart muscle will
not only expand the application areas of pneumatic artificial
muscles but also benefit an emerging field of soft robotics.

The proposed manufacturing method enables fabrication
of a helical microchannel in a three-dimensional structure.
However, the channel size is limited by the diameter of the
low-friction fiber. Improvements on the fabrication process by
employing different manufacturing approaches, such as liquid
metal patterning [22] and 3D printing [23], will facilitate
further miniaturization of 3D microchannels.

Finally, in addition to the actuation and sensing capability,
when miniaturized, the device may be distributed in a modular
actuation system. Since the individual sensor-actuator unit
can be modularized, the collection of these modules will
make the system easily reconfigurable for different purposes
and applications [24]. Furthermore, this modular design will
allow the system to be easily resized without interrupting its
functionality and morphology.



VI. CONCLUSION

A smart pneumatic artificial muscle actuator was developed.
The proposed muscle design contains an embedded sensing
element that can detect the length change of the muscle during
its contraction. For actuation, parallel Kevlar threads were
embedded in an elastomer tube to create axial contraction
motion and force with increased internal air pressure in the
tube. For sensing, a helical microchannel filled with liquid
metal was embedded outside the Kevlar threads for detecting
the geometrical change of the muscle during actuation. A
novel manufacturing method was proposed for fabrication of
a helical microchannel embedded in a 3D elastomer structure.
The characterization result showed linear and reliable sensor
signals.
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