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For the accurate and continuous control of soft actuators in dynamic environments, the movements of
the soft actuators must be monitored in real-time. To this end, various soft actuators capable of self-
monitoring have been developed by separately integrating sensing devices into actuators. However,
integrating such heterogeneous sensing components into soft actuators results in structural
complexity, high manufacturing costs, and poor interfacial stability. Here, we report on intelligent
pneumatic fiber-reinforced soft actuators with an inherent flexible proprioceptive sensor that uses only
the essential components of typical fiber-reinforced soft actuators. The inherent flexible
proprioceptive sensor is achieved by leveraging two parallel conductive microfibers around an
elastomeric chamber of the soft actuator, which simultaneously acts as both a capacitive bending
sensor and radial expansion limiting fibers of typical fiber-reinforced soft actuators. The proprioceptive
soft actuator exhibits excellent mechanical actuation up to 240° bending motion and proprioceptive
sensing performance with high sensitivity of 1.2 pF rad~'. Mathematical analysis and simulations of the
soft actuator can effectively predict the bending actuation and capacitive responses against input
pressures. We demonstrate that proprioceptive soft actuators can be used to construct a soft gripping

system and prosthetic hand which express various hand gestures and perform dexterous
manipulation with real-time proprioceptive sensing capability.

Soft robots are emerging as alternatives to rigid robots in various robotic
applications owing to their outstanding adaptability'” to diverse shapes and
surface morphologies. For the development of soft robots, various types of
soft actuators composed of compliant materials, such as pneumatic’™,
hydraulic’™®, electrical”’’, magnetic'""?, thermal™", and ionic soft
actuators'>'®, have been intensively developed. In particular, pneumatic soft
actuators have been widely used for soft robots owing to their benefits,
including large-scale deformations'’, simple designs'®’, lightweights’', and
inherent safety’>”’. These advantages of soft actuators can be considered
fundamental requirements for their application in real-world scenarios.
Another important requirement for intelligent soft actuating systems is
a sensory feedback control of the actuators for reliable operation in dynamic
environments. Based on feedback control, soft actuators can accurately
maintain their actuating performance, independent of unexpected external
disturbances from the surroundings. To this end, embedded sensing of soft

actuators which ensures real-time monitoring of their actuation is funda-
mentally essential’*”’. However, realizing pneumatic soft actuators with
embedded sensing has been challenging. In this context, there have been a
few studies that additionally embedded or attached heterogeneous sensing
components, such as resistive’ ™, capacitive”*’, magnetic”, inductive™,
and optical strain sensors*™’, to pneumatic soft actuators for monitoring of
their physical deformation during the actuation. Chen et al. ** demonstrated
a bidirectional bending soft actuator integrated with optical waveguide
sensors. A pneumatic soft actuator with a feedback control system was also
developed using commercial bending sensors by Gerboni et al.”. Despite
extensive efforts to develop diverse types of self-sensing soft actuators based
on embedded or attached heterogeneous sensing components, these
methods can induce several limitations in practical applications. Embedding
additional heterogeneous sensing elements into pneumatic soft actuators
undeniably raises the structural complexity of the entire system. This is not
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only due to the intricate wiring layout required for these sensing compo-
nents, but also because of the multitude of rigid soldering points needed
between the sensing components and their corresponding wires***'. Such
structural complexity and the rigid soldering points can considerably restrict
the broader applicability and usability of the soft actuator system in real-
world applications. The increased structural complexity also leads to
complicated manufacturing processes potentially, resulting in the elevation
of both material and production costs*>. Moreover, a structural and
mechanical mismatch between the soft body of the actuator and the inte-
grated heterogeneous sensors into the soft actuator can frequently induce
poor interfacial stability at the interface during the operation of the actuating
system, subsequently reducing the stability and durability of the proprio-
ceptive soft actuators®. Therefore, the simultaneous realization of a pneu-
matic soft actuator and a proprioceptive sensing capability without any
heterogeneous sensing components in a soft actuator is highly beneficial for
intelligent soft actuating systems with closed-loop feedback control.
Nevertheless, such intelligent pneumatic soft actuators that provide inher-
ent proprioceptive sensing without heterogeneous sensing components
have not yet been developed.

In this work, we report on a strategically rational design for intelligent
fiber-reinforced pneumatic soft actuators with an inherently integrated
microfiber-based flexible proprioceptive sensor. Through our innovative
design approach, we developed a proprioceptive soft actuator that suc-
cessfully accomplishes real-time proprioception even without any hetero-
geneous sensing components within the system. To develop the inherent
microfiber-based proprioceptive sensor, two parallel conductive microfibers
are strategically incorporated as part of the radial expansion limiting fibers
in a fiber-reinforced soft actuator, allowing them to also act as a microfiber-
based capacitive bending sensor. Thanks to the conductive microfibers
which perform the two roles in the actuator, the developed soft actuator
exhibits not only excellent fiber-reinforced actuation performance but also a
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proprioceptive sensing capability against bending actuation using only the
essential components of a typical fiber-reinforced soft actuator. Based on the
innovative design approach, our soft actuators could effectively overcome
the practical limitations of previous soft actuators by simplifying the system
layout and complicated fabrication processes, and alleviating the poor
interfacial stability between soft actuators and integrated heterogeneous
sensing components. An analytical expression and finite element simulation
model are developed to verify the correlations between the mechanical
actuating performance of the soft actuators and capacitive sensing behaviors
of the inherent flexible proprioceptive sensors. The proprioceptive soft
actuator provides negligible hysteresis and high durability regarding both
mechanical actuation and capacitive sensing capability, demonstrating its
high stability. We also achieve a closed-loop feedback control system of the
soft actuator based on the proprioceptive sensing capability, which can
compensate for unintended external loadings and maintain the desired
actuation in a dynamic environment. We demonstrate the proprioceptive
soft actuator to construct a versatile soft gripping system and soft prosthetic
hand with proprioceptive sensing capability.

Results

Design and working mechanism of intelligent proprioceptive soft
actuator

A schematic illustration of the structure for the intelligent proprio-
ceptive soft actuator is presented in Fig. la. The proprioceptive soft
actuator consists only of the essential components required for a
typical fiber-reinforced pneumatic soft actuator without any addi-
tional heterogeneous elements; an elastomeric chamber, axial strain-
limiting fiber, and radial expansion limiting fibers. The radial
expansion limiting fibers were helically wound in a crossing fashion
around the elastomeric chamber, which effectively restricts the radial
expansion of the actuator under an applied input pressure. The axial
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Fig. 1 | Design and working mechanism of the intelligent proprioceptive soft
actuator. a Schematic illustration of a fiber-reinforced pneumatic soft actuator with
proprioceptive sensing capability. The magnified photograph and circuit show the
top-view of the proprioceptive soft actuator and the equivalent circuit of the pro-
prioceptive bending sensor in the soft actuator, respectively. b Photograph showing
the fabricated proprioceptive soft actuator in the unpressurized (0 kPa) and
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pressurized (40 kPa) states. Scale bar, 10 mm. ¢ Schematic illustration describing the
proprioceptive sensing mechanism of the soft actuator upon applied pneumatic
pressure. d Conceptual graph showing the bending actuation of the soft actuator and
corresponding capacitive response of the proprioceptive bending sensor with
increasing applied pressure.
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strain-limiting fiber was placed along the chamber in the longitudinal
direction, which partially restrict the longitudinal deformation of the
actuator under an applied pressure. The detailed fabrication process
for the proprioceptive soft actuator is shown in Supplementary Figs.
1 and 2. The fabricated soft actuator could be efficiently operated
with a bending actuation under an applied pneumatic pressure,
thanks to the radial expansion limiting fibers and axial strain-limiting
fiber (Fig. 1b). When a pneumatic pressure is applied to the inside of
the fiber-reinforced soft actuator, the elastomeric chamber of the
actuator is inflated only in the longitudinal direction due to the
constraint of its radial expansion by the radial expansion limiting
fibers. Simultaneously, the axial strain-limiting fiber partially inhibits
the longitudinal growth of the soft actuator along the limiting fiber,
promoting its bending actuation™. To confirm the uniformity of the
bending actuation along the longitudinal direction of the soft
actuator, we evaluated the distances between the conductive micro-
fibers within the actuator under various bending angles, as shown in
Supplementary Fig. 3. To endow the actuator with a proprioceptive
sensing capability, we also designed an inherently integrated
microfiber-based capacitive bending sensor without any additional
components in the fiber-reinforced soft actuator. As described in Fig.
la, the microfiber-based capacitive bending sensor was incorporated
by employing two parallel conductive microfibers with a radius of
100 um as a part of the radial expansion limiting fibers, instead of
normal nylon fibers. In particular, the two parallel conductive
microfibers were used as radial expansion limiting fibers helically
wound in clockwise (or counterclockwise). Our design for the pro-
prioceptive fiber-reinforced soft actuator was thoughtfully established
through comparative analysis with another potential design (Sup-
plementary Fig. 4). Because the two parallel conductive microfibers
are separated from each other, a microfiber-based capacitive bending
sensor can be formed by the two conductive microfibers acting as the
two electrodes of a capacitor. Figure 1¢ shows a schematic illustration
describing the bending sensing mechanism of the inherent proprio-
ceptive sensor in the soft actuator. As the bending actuation of the
soft actuator continues with increasing input pneumatic pressure, the
distance between the two conductive radial expansion limiting fibers
wound in parallel around the elastomeric chamber asymmetrically
increases. The asymmetrical change in the winding structure of the
two conductive microfibers under bending actuation is attributed to
the non-uniform elongation of the soft actuator in the longitudinal
direction resulting from the axial strain-limiting fiber. As described
in Fig. lc, the distance between the two conductive microfibers on the
concave surface (dy) is efficiently maintained during the bending
actuation of the actuator due to the restriction of the axial strain-
limiting fiber. However, the distance between the two conductive
microfibers on the convex surface increases according to the long-
itudinal elongation of the soft actuator under the bending actuation
(do to dj). The asymmetrical increase in the distance between the two
conductive microfibers under bending actuation decreases the capa-
citance of the capacitive bending sensor in the proprioceptive soft
actuator. The equivalent circuit of the proprioceptive bending sensor
can be described as a parallel connection of several unit capacitive
sensors corresponding to a single turn of two conductive microfibers
in the soft actuator (Fig. la). By measuring the capacitance change
between the two conductive microfibers, the bending deformation of
the soft actuator can be monitored in real-time during its actuation.
Therefore, the intelligent fiber-reinforced soft actuator provides
proprioceptive sensing capability without any heterogeneous com-
ponent for the actuator (Fig. 1d and Supplementary Video 1). The
presented design approach significantly enhances system simplicity
by eliminating the need for additional sensing components and the
corresponding complex wiring layout typically required in such
systems. Notably, given that the conductive radial expansion limiting
fibers can be directly extended to act as interconnects for the

microfiber-based sensors, our proprioceptive soft actuator eliminates
the need for any rigid soldering within the system. This feature
significantly enhances the practical stability of soft actuators in real-
world applications (Supplementary Table 1).

Mechanical behavior of the proprioceptive pneumatic soft
actuator

The bending angle of the proprioceptive soft actuator under a bending
actuation is defined as the included angle between the two normal lines at
the proximal and distal tips of the actuator as shown in Fig. 2a. Figure 2b
shows the change in the bending angle of a soft actuator, fabricated with a
diameter of 14 mm and helical pitch of 3 mm, upon the applied internal
pressure. As the input pressure applied to the soft actuator increased, the soft
actuator was bent due to the partial stretching restriction of the axial strain-
limiting fiber, resulting in an increase in the bending angle of the soft
actuator. A numerical simulation based on the finite element method (FEM)
provided excellent agreement with the experimental results over the entire
pressure range, verifying the mechanical behavior of the fiber-based soft
actuator under the applied pressure (Fig. 2b, ¢). A detailed explanation of the
numerical simulation is given in the Supplementary Information (Supple-
mentary Figs. 5-7 and Supplementary Video 2). In addition, the actuating
behavior of the intelligent fiber-based soft actuator was analytically verified
through mathematical analysis. As described in the free body diagrams of
the soft actuator in Fig. 2d, at a constant internal pressure, the soft actuator
reaches a static-state bending deformation, which results from the effect of
the fiber reinforcement and the equilibrium between two bending moments
within the system: moment M, generated by the internal pressure, and
moment M, generated by the restoring force of the elastomeric chamber”.
Considering the equilibrium between the two bending moments at an
arbitrary point in the cross-section including the inner surface of the distal
tip (Fig. 2e), the relationship between the applied internal pressure P;, and
the bending angle of the soft actuator 8 can be derived as follows:

P, =4A,0 — 6A,0° + 104,6° — - - (1)

LTS i )+ () sing) T (1, + ) drdg

. )
t ﬂrtgn(rin + t)

where, A; indicates a variable coefficient for each term in Eq. (1), determined
by the geometrical dimensions and material properties of the soft actuator,
denotes the shear modulus of the elastic material, L is the initial length of
the soft actuator, r;, and ¢t are the inner radius and thickness of the soft
actuator, respectively, ¢ indicates the direction of an arbitrary infinitesimal
area where the internal pressure is applied (Fig. 2e), and 7 means the
minimum distance from the inner surface of the side wall of the soft actuator
to an arbitrary infinitesimal area where the elastic stress is applied to the side
wall (Fig. 2e). The detailed calculations for the relationship between the
applied internal pressure and the bending angle of the actuator are described
in the Supplementary Information. The calculated bending angle of the soft
actuator against the applied internal pressure showed a good agreement
with the experimental results for the entire actuating range (Fig. 2b). The
orthogonal coordinate for the bending trajectory of the distal tip of the soft
actuator under an applied internal pressure (Fig. 2f) can also be calculated
using a geometric approach as follows:

(x,y) = (RsinO,R(1 — cos 0) = (LO sinf Lo(1 — cos 9)) 3)

6 7 0

where, R is the radius of curvature of the soft actuator under bending
actuation. The calculated and simulated bending trajectory of the soft
actuator under the applied internal pressure closely matched the
experimental results, demonstrating the validity of the analytical and
simulated expectations (Fig. 2g). To characterize the output force of the
soft actuator, the isometric and isotonic responses of the actuator were
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Fig. 2 | Mechanical characterization of the proprioceptive pneumatic soft
actuator. a Photograph showing the definition of the bending angle of the soft
actuator under bending actuation. Scale bar, 10 mm. b Bending angle response of the
soft actuator according to applied internal pressure (blue squares). The red circles
and solid line show the expected response of the soft actuator based on an FEM
simulation and analytical model. ¢ Superimposed FEM images of the soft actuator at
different bending angles. The principal stress range of the elastomeric chamber is
indicated in the legend. Schematic illustration showing d free body diagram of the
soft actuator under bending actuation, e cross-section of the soft actuator including

the inner surface of its distal tip, and f bent soft actuator described in orthogonal
coordinates. g Distal tip trajectory of soft actuator with bending angle from 0 to 250°.
Photographs of the soft actuator at the different bending angles are overlaid in the
graph. h Isometric and i isotonic responses of the soft actuator measured at the distal
tip of the actuator. j Relative change in the bending angle of the soft actuator during
the consecutive pressurizing-releasing cycle. k Durability test of the soft actuator
upon repeated applied pressure of 90 kPa over 10,000 cycles. 1 Response time of the
soft actuator against 50 kPa of the applied pressure.

evaluated by measuring the force generated at the distal tip of the
actuator during the bending actuation (Fig. 2h, i and Supplementary Fig.
9). The isometric response of the soft actuator was tested by measuring
the output force generated at the distal tip under a constant bending
angle (0, 45, and 90°) while input pressure increased from 0 to 120 kPa.
The isometric response showed parallel lines for several bending angles,

demonstrating the stable bending actuation of the actuator (Fig. 2h). In a
similar manner, the isotonic response of the soft actuator was evaluated
by measuring the output force at the distal tip according to different
bending angles under a constant input pressure (60, 90, and 120 kPa) as
shown in Fig. 2i. Despite the nonlinear behavior of the elastomeric
chamber of the soft actuator, the isotonic response provided the
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Fig. 3 | Proprioceptive sensing performance of soft actuator. a Capacitive response
of the proprioceptive bending sensor according to bending angle of soft actuator.
The solid line shows the analytical prediction of the sensor response based on a
mathematical model. b Schematic illustrations of the two conductive microfibers
helically wound around the elastomeric chamber of the soft actuator in unpres-
surized state. ¢ Schematic illustration showing the structural change of the two
conductive microfibers of the proprioceptive sensor in a pressurized state. d Relative
change in the capacitance of the proprioceptive bending sensor during a

pressurizing-releasing cycle. e, f Bending angle changes of the soft actuator and
corresponding normalized capacitance changes of the proprioceptive sensor upon
repeated pressures of 60, 90, and 120 kPa. g Capacitive response of the proprio-
ceptive bending sensor upon repeated internal pressure of 90 kPa over 10,000 cycles.
h Relative change in the capacitance of the sensor under repeated pressure of 120 kPa
before and after large mechanical impact by a car. i Capacitive response of the
proprioceptive sensor against step function of internal pressure applied to the soft
actuator.

maximum achievable output force of the soft actuator for a particular
input pressure under zero bending®.

The mechanical stability and durability of the proprioceptive soft
actuator were also investigated. Figure 2j shows a slight hysteresis of the
bending actuation of the soft actuator upon consecutive pressurizing-
releasing cycle. Hysteresis is one of the well-known limitations of soft
pneumatic actuators, which is generally explained to be caused by
mechanical mismatches and friction between several different components
of the soft actuator®. However, the presented proprioceptive soft actuator
does not contain any additional heterogeneous components other than the
essential parts, minimizing the friction and heterogeneity between the
several components in the soft actuator. Thanks to this, our soft actuator
barely led to hysteresis during the consecutive bending actuation, demon-
strating the high mechanical stability of the actuator. Moreover, the negli-
gible hysteresis of the soft actuator was also verified even under diverse
conditions such as various maximum internal pressures, flow rates, and
pressurizing-releasing  cyclic tests (Supplementary Fig. 10 and

Supplementary Videos 3 and 4). Owing to its high stability, the soft actuator
also effectively maintained the bending actuation without any considerable
degradation even after an intensive 10,000 cyclic test with 90 kPa of applied
internal pressure, demonstrating the high mechanical durability of the soft
actuator as shown in Fig. 2k. In addition, despite the time-dependent
behavior of the viscoelastic elastomer, the soft actuator exhibited fast
response time (71 ms) and recovery time (38 ms) against 50 kPa of applied
internal pressure, as shown in Fig. 21 and Supplementary Fig. 11,
respectively’**. Both the response and recovery times were defined as the
duration until the bending actuation of the soft actuator reaches 63.2% of the
steady-state deformation under the applied internal pressure.

Microfiber-based flexible proprioceptive sensing capability of
intelligent proprioceptive soft actuator

As described in Fig. ¢, the soft actuator can perceive its bending defor-
mation based on the capacitive response of the inherent microfiber-based
proprioceptive sensor composed of two parallel conductive microfibers
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wound around the actuator. Figure 3a and Supplementary Fig. 12 show the
relative change in the capacitance of the proprioceptive bending sensor,
fabricated with a diameter of 14 mm and helical pitch of 3 mm, according to
the bending actuation of the soft actuator. The capacitance of the bending
sensor in the soft actuator gradually decreased under the bending defor-
mation. The negative response of the capacitive bending sensor is attributed
to the increase of distance between the two parallel conductive microfibers
of the sensor under the bending deformation of the actuator. The two
parallel conductive microfibers of the sensor are helically wound around the
elastomeric chamber, initially maintaining a constant distance between the
two microfibers throughout the entire soft actuator (Fig. 1c and Fig. 3b).
When the soft actuator is bent upon the applied internal pressure, locally
gradual tensile stretching in the actuator occurs except for the longitudinal
part along the axial strain-limiting fiber, which leads to an asymmetric
increase in the distance between the two conductive microfibers (Fig. 3c).
Therefore, the capacitance of the proprioceptive bending sensor decreases
upon the bending deformation of the soft actuator. The working mechanism
of the proprioceptive bending sensor can be mathematically described by
considering the structural behavior of the helically wound two conductive
microfibers under bending actuation. The capacitance C of the proprio-
ceptive bending sensor according to the bending angle of the bent soft
actuator can be calculated as follows:

me(ry, — 1)

ln<ﬂTeﬂ) \/(%)2 +2(r, — 1) (%-ﬁ- Iy — r)(l - cosgo))

() = (2n — 1)02

dg

(4)

where 7 indicates the total number of turns for the two parallel conductive
microfibers wound around the elastomeric chamber, ¢ denotes the per-
mittivity between the two conductive microfibers, and r,, and r are the outer
radius of the soft actuator and radius of the conductive microfiber,
respectively. 8 and ¢ mean the bending angle and azimuthal angle of the soft
actuator, and Ly is the initial length of the helically wound capacitive sensor.
Detailed calculations of the capacitive response of the sensor are described in
the Supplementary Information. The expected capacitive response of the
proprioceptive bending sensor calculated using the analytical model
exhibited a good agreement with the experimental results, as shown in
Fig. 3a.

Figure 3d and Supplementary Fig. 15 show the capacitive response of
the proprioceptive bending sensor upon a consecutive pressurized-
unpressurized cycle of the soft actuator. For the entire internal pressure
range, the proprioceptive bending sensor in the soft actuator exhibited a
negligible hysteresis of the capacitive response, demonstrating the high
stability of the sensor (Supplementary Fig. 16a). Because the working
mechanism of the proprioceptive bending sensor directly relies on the
mechanical behavior of the soft actuator, the high stability of the sensor (due
to the lack of hysteresis) is mainly attributed to the small mechanical hys-
teresis of the soft actuator. The bending sensor successfully maintained its
capacitive response and negligible hysteresis even under higher pressure
flow rates, as described in Supplementary Fig. 16b. Thanks to the high
stability, the soft actuator provided a clear and stable response for both its
bending actuation and proprioceptive sensing during repeated pressurizing-
releasing cycles with different applied pressures of 60, 90, and 120 kPa (Fig.
3e, f). In addition, the stable capacitive response and negligible hysteresis of
the proprioceptive bending sensor in the soft actuator were successfully
maintained without any considerable degradation even after an intensive
cyclic test (10,000 cycles with an internal pressure of 90 kPa), as shown in
Fig. 3g and Supplementary Figs. 16c and 17. Because the proprioceptive soft
actuator is fully composed of elastomeric materials and flexible microfibers,
the soft actuator remained intact and stably maintained its actuating and
proprioceptive sensing capabilities even after a great mechanical impact by a
car, showing the high durability of the soft actuator (Fig. 3h and Supple-
mentary Fig. 18). The proprioceptive bending sensor of the soft actuator also
exhibited a rapid response and recovery time of 71 and 82 ms against a step

pressure applied into the soft actuator, which is comparable with previous
pneumatic actuators (Fig. 3i and Supplementary Fig. 19)*.

Characterization of the microfiber-based flexible
proprioceptive sensor

To further investigate the effects of the structural parameters of the soft
actuator on its main performance, soft actuators with different diameters of
the elastomeric chamber and a constant pitch (distance between the helically
wound two conductive microfibers) of 3 mm were prepared, as shown in
Supplementary Fig. 20a. Figure 4a and Supplementary Video 5 show that
the actuating capability of the soft actuator slightly increases with its larger
diameter. This increase in actuating capability is attributed to the increased
area of the inner surface of the soft actuator with a larger diameter. The
increased inner surface area of the side wall in the soft actuator leads to a
higher total pneumatic force applied to the inner surface under a certain
level of internal pressure. Because the side wall of the fiber-reinforced soft
actuator is physically restricted by the radial expansion limiting fibers, the
pneumatic force applied to the inner surface of the restricted wall mainly
contributes to reinforcing the longitudinal elongation of the actuator®.
Therefore, a higher pneumatic force applied to the inner surface of the side
wall in a soft actuator with a larger diameter leads to a greater elongation of
the soft actuator in the longitudinal direction, resulting in a larger bending
actuation. Due to the higher pneumatic force in the soft actuator at a specific
internal pressure, the soft actuator with the larger diameter generated a
higher output force at its tip under a fixed bending angle (Fig. 4b and
Supplementary Fig. 21a). In addition, the larger diameter of the soft
actuator, the higher sensitivity of the proprioceptive sensor against the
bending actuation of the actuator (Fig. 4c and Supplementary Fig. 21b),
because the larger diameter of the soft actuator leads to a larger tensile strain
on the convex surface of the actuator upon its bending actuation (Supple-
mentary Fig. 21c). The larger tensile strain on the convex surface also
induces a larger increase in the distance between the two conductive
microfibers on the convex surface, resulting in a greater decrease in the
capacitance of the proprioceptive sensor under the bending actuation.
Regardless of its diameter, the soft actuator exhibited small hysteresis and
high durability (Supplementary Fig. 21d-f). In a similar manner, soft
actuators with different pitches of helically wound conductive microfibers
(2, 3, and 4 mm) and a constant diameter of 14 mm were also evaluated,
showing the negligible effect of the pitch on the main performance of the soft
actuator (Supplementary Figs. 22 and 23 and Supplementary Video 6). In
addition to bending actuation, stretching and helical actuation can also be
achieved by leveraging the axial strain-limiting fiber in the soft actuator.
When the axial strain-limiting fiber is not included in the soft actuator, the
actuator is stretched only in the longitudinal direction with respect to the
increasing internal pressure (Fig. 4d, Supplementary Fig. 24, and Supple-
mentary Video 7). The stretching actuation of the actuator results from the
absence of longitudinal restriction of the actuator that the axial strain-
limiting fiber could induce. Furthermore, the soft actuator successfully
achieved helical actuation by locating the axial strain-limiting fiber in the
helical layout around the actuator (Fig. 4e, Supplementary Fig. 25, and
Supplementary Video 7). By strategically adjusting the arrangement of the
fibers in the soft actuator, we also designed a multimotion proprioceptive
soft actuator capable of integrating three distinct types of actuations
including extension, twisting-extension, and bending, into a single device
(Fig. 4f). In particular, the extension actuation was achieved by removing the
axial strain-limiting fiber, as demonstrated in Fig. 4d, in the region 1 of the
soft actuator. In addition, the twisting-extension actuation was accom-
plished in region 2 of the actuator by using only the radial expansion limiting
fibers in one direction, excluding both the counter radial expansion limiting
fibers and the axial strain-limiting fiber. The bending actuation in region 3
was realized in the same manner with the soft actuator presented in Fig. la.
Based on the integration of the three distinct actuations, the fabricated
multimotion soft actuator successfully achieved complex deformation, as
shown in Fig. 4g and Supplementary Video 8. To measure the local and
global complex deformations of the multimotion soft actuator, we
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established a local field proprioceptive sensing system by strategically
arranging conductive microfiber electrode pairs. To this end, three pairs of
microfiber electrodes were integrated in a single actuator as the radial
expansion limiting fibers in one direction, which simultaneously act as
individual proprioceptive sensors for the distinct actuation regions in the
multimotion soft actuator (Supplementary Fig. 26 and Fig. 4f). In particular,

the capacitive response of the proprioceptive sensor 3 correlated with the
bending actuation in the region 3 of the actuator. In a similar manner, the
proprioceptive sensor 2 and 1 could detect the twisting-extension actuation
in region 2 and extension actuation in region 1, respectively (Fig. 4h).
Because the output capacitance of the proprioceptive bending sensor
can be unintentionally affected by conductive objects in the vicinity of the
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Fig. 4 | Characterization of proprioceptive soft actuator. a Bending actuation of
the proprioceptive soft actuators with different diameters of 10, 14, and 18 mm and a
constant pitch of 3 mm in response to increasing internal pressure. b Forces gen-
erated at the distal tips of soft actuators with the different diameters under fixed
bending angle of 0° and increasing internal pressure. ¢ Capacitive responses of the
proprioceptive bending sensors in the soft actuators with the different diameters
according to bending angle of the bent actuators. d Schematic illustration of the soft
actuator without the axial strain-limiting fiber (left) and the capacitive response of
the proprioceptive sensor in the soft actuator against stretching actuation under
applied internal pressure (right). The inset shows the stretching actuation of the soft
actuator without the axial strain-limiting fiber. e Schematic illustration of the soft
actuator where the axial strain-limiting fiber is helically wound around the actuator

(left) and proprioceptive sensing response of the soft actuator with increasing
internal pressure (right). The inset shows the helical actuation of the soft actuator
with the helically wound axial strain-limiting fiber. f Schematic illustrations showing
the design of the multimotion soft actuator. Dashed box includes the layout of fiber
reinforcements for each actuation region. g Photographic images illustrating the
complex deformation of the multimotion soft actuator that combines extension,
extension-twisting, and bending actuation. h Capacitance changes of the three local
proprioceptive sensors in the multimotion soft actuator during repeatedly applied
pressures of 120 kPa. i-k Normalized capacitance changes of the proprioceptive
bending sensor of the soft actuator during repeated bending actuation in the vicinity
of the various objects.

soft actuator, the capacitive response of the sensor was investigated with
various objects including paper, polypropylene, glass, steel, aluminum plate,
and a hand, as shown in Supplementary Fig. 27a. The proprioceptive sensor
maintained its output capacitance near non-conductive objects such as
paper, polypropylene, and glass plate (Supplementary Fig. 27b, d, e) How-
ever, the overall output capacitance of the sensor during same bending
actuation was negatively shifted in the vicinity of conductive objects such as
steel, aluminum plate, and a human hand (Supplementary Fig. 27b, d, f).
This shift in the capacitance of the sensor was attributed to the interfered
electric field between the two conductive microfibers by the conductive
objects. Despite the shift in the output signal, the relative change in the
capacitance of the proprioceptive sensor was successfully reproducible
regardless of the type of object near the sensor, demonstrating the high
stability of the sensor against the surrounding environment (Fig. 4i-k and
Supplementary Fig. 27¢).

Model-based two-degree-of-freedom control to compensate for
the internal pressure against unintended external loading

To exploit the potential of the newly developed soft actuator, we designed a
fast and robust Two-Degree-Of-Freedom (TDOF) motion controller. The
TDOF controller comprises a Disturbance Observer (DOB), Proportional-
Integral-Derivative (PID) control, and Feedforward control, as depicted in
Fig. 5a, where G,, ,; represents the nominal model of the soft actuator, Gy
is the actual soft actuator, and Q is a low pass filter>”'. The DOB in this
control scheme compensates for the external loads based on the model. A
detailed explanation of the control algorithm and system identification
process is given in the Supplementary Information. To design the TDOF
controller for the proprioceptive soft actuator, we first estimated its transfer
function through a system identification process performed at a sampling
frequency of 12.5 Hz. The frequency response function was obtained from
0.01 to 5 Hz, as illustrated in Fig. 5b. Figure 5c shows that the estimated
model matches well with the electrical behavior of a real soft actuator
according to a sinusoidal input, although there is a slight difference between
the two responses. The control ability of the actuator system to compensate
for the internal pressure against unintended external loading was demon-
strated by applying external loadings to the soft actuator under bending
actuation. The controlled input pressure and capacitance responses of the
proprioceptive soft actuator with the TDOF controller under various
unintended external loadings are shown in Fig. 5d, e and Supplementary
Video 9. The proprioceptive soft actuator with the TDOF maintained a
certain internal pressure (36 kPa) and corresponding capacitance with a
bending angle of ~43.5° without any external loading from 0 to 20's. The
bending actuation of the soft actuator was successfully maintained even
under increasingly applied external loads up to 120 g without considerable
deflection (Fig. 5e). Based on the capacitive response of the proprioceptive
bending sensor and TDOF controller, the soft actuator could maintain its
desired bending actuation by complementing the internal pressure required
to compensate for the unintended external loads (Fig. 5d). In contrast, the
bending actuation of the soft actuator without the TDOF controller col-
lapsed without any controlled compensation when unintended external
loads above 60 g were applied to the actuator (Fig. 5, g and Supplementary

Video 9). Our results demonstrate that the model-based TDOF control
designed for the proprioceptive soft actuator can robustly maintain the
desired bending actuation against external loadings in a dynamic
environment.

Soft robotic demonstrations of proprioceptive soft actuators

To verify the potential of the proprioceptive soft actuator for a human-robot
interface, we constructed a soft gripping system and soft prosthetic hand
using our soft actuators. Figure 6a shows a soft gripping system fabricated
with a robotic arm and three soft actuators with the capability of stable pick-
and-place task. When an internal pressure was applied to the three pro-
prioceptive soft actuators in the system, the three actuators were bent evenly,
allowing stable gripping of the target objects (Fig. 6b). The proprioceptive
bending sensors of the three soft actuators in the gripping system could
monitor the bending actuation of the actuators in real-time during the pick-
and-place task through the corresponding capacitive response of the sensor
(Fig. 6¢). We demonstrated that the soft gripping system could successfully
convey various objects with different shapes, sizes, and materials such as
plastic triangular prisms, cylindrical objects, wood toys, plastic balls,
sponges, fitting elements, and paper cups (Fig. 6d and Supplementary Video
10). Moreover, we demonstrated the soft gripping system equipped with
closed-loop control, leveraging the proprioceptive sensing of the soft
actuator to adjust internal pressure in response to unintended external
loading. As shown in Fig. 6e and Supplementary Video 11, the closed-loop
control based on the proprioceptive sensing of the soft actuator successfully
compensated for external loads applied to the soft actuator in the soft
gripping system, maintaining its actuation even under gradually increasing
external loads up to 155 g. In comparison, the soft gripping system lacking
closed-loop control could only sustain actuation with an external payload of
up to 35 g, indicating that the gripping system with the closed-loop control
offers 3.3 times higher resistance to external loading (Fig. 6f and Supple-
mentary Video 11).

Furthermore, we implemented the soft prosthetic hand using five
proprioceptive soft actuators as fingers of the prosthetic hand, capable of
expressing and recognizing a variety of hand gestures based on the pro-
prioceptive sensing capability of the actuator (Supplementary Fig. 28).
Figure 7a and Supplementary Video 12 show the soft prosthetic hand
expressing the rock-paper-scissors through the selective actuation of the five
soft actuators in the prosthetic hand. During the rock-paper-scissors
actuation, the soft prosthetic hand continuously and selectively recognized
each gesture of the hand by measuring the different capacitive output signals
of the five proprioceptive sensors in the soft actuators under the hand
gestures (Fig. 7b). In addition, these different capacitive responses of the
proprioceptive sensors under the different gestures of the prosthetic hand
allowed us to recognize various hand gestures expressed by the prosthetic
hand such as sign language (Supplementary Fig. 29 and Supplementary
Video 13). In a similar manner, we also demonstrated the capability of the
soft prosthetic hand to grip various objects with different geometries, sizes,
and weights as shown in Fig. 7c and Supplementary Fig. 30. Because the
gripping motion of the soft prosthetic hand relies mainly on the size, shape,
and weight of the target object, each finger in the prosthetic hand would have
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estimated model and actual soft actuator. Internal input pressure and capacitance
responses of the proprioceptive soft actuator under unintended external loadings
with d model-based TDOF control system and f open-loop control system. e, g show
photographs corresponding to each graph.

different bending actuation according to various target objects. The different
bending angles of all the fingers in the soft prosthetic hand gripping several
objects could be successfully monitored by measuring the clearly distin-
guishable capacitive responses of the proprioceptive bending sensors in the
five soft actuators (Fig. 7d). By leveraging the distinct capacitive responses of
the proprioceptive sensors, various objects gripped by the soft prosthetic
hand, such as a balloon, marker pen, apple, and ping-pong ball, could be
readily identified as illustrated in Fig. 7e and Supplementary Video 14.
Despite employing a straightforward classification approach, the prosthetic
hand demonstrated a high accuracy rate of approximately 91% in identi-
fying these four objects across 100 gripping-classification tests (Fig. 7f). We
anticipate that the accuracy in classifying gripped objects could be sig-
nificantly improved by optimizing the algorithms through the application of
machine learning techniques.

Discussion

In summary, we present an innovative design for developing a microfiber-
based flexible proprioceptive sensor inherently integrated in a soft actuator
without the need for any heterogeneous components within the system. The
inherent microfiber-based proprioceptive sensor was fabricated by utilizing
two parallel conductive microfibers, which simultaneously serve as radial

expansion limiting fibers and capacitive proprioceptive sensor in the fiber-
reinforced soft actuator. The fabricated proprioceptive soft actuator
exhibited excellent mechanical actuation performance and an inherent
bending sensing capability. We created an analytical model and numerical
simulation that provide precise prediction the mechanical and capacitive
sensing behavior of the proprioceptive soft actuator using only measurable
parameters without any fitting parameters. The programmable multi-
motion soft actuator and proprioceptive local sensing capability were suc-
cessfully implemented by strategically utilizing the various patterns of fiber
reinforcements. Based on the inherent microfiber-based proprioceptive
sensor, the soft actuator could be successfully controlled to maintain the
desired bending actuation even under an unintended external loading
through closed-loop feedback control. We demonstrated that the proprio-
ceptive soft actuator could be used to develop a proprioceptive soft gripping
system and soft prosthetic hand capable of gripping and feeling diverse
objects.

Compared to previously reported soft actuators with self-sensing
capability, our proprioceptive soft actuator offers an advantage in
terms of the integrity of the sensing and actuating system. In
our design, a flexible proprioceptive sensor is inherently included in
a soft actuator with only essential components of typical
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and-place tasks of the soft gripping system for various objects including a triangular
prism, cylindrical object, wood toy, ball, sponge, fitting element, and paper cup.

e, f Internal input pressure and capacitance responses of the soft actuator in the soft
gripping system under unintended external loadings with e closed-loop control
system and f open-loop control system.

fiber-reinforced soft actuators, which eliminates the structural com-
plexity of the existing self-sensing pneumatic soft actuators, including
heterogeneous sensing devices. In particular, the presented design
strategy not only simplifies the entire system by eliminating intricate
internal components, wiring layouts and rigid soldering points, but it
also minimizes the poor interfacial stability between the soft body
and embedded heterogeneous sensing elements, common challenges
in previous self-sensing soft actuators (Supplementary Table
1 and 2). Furthermore, our strategy of exclusively utilizing com-
mercially available materials for the proprioceptive soft actuators has
substantial advantages. This approach can significantly decrease both
manufacturing and material costs (~0.92 USD per one proprioceptive
soft actuator, including the sensing components), effectively lowering
the barriers for the commercialization of the presented propriocep-
tive soft actuator system (Supplementary Table 3). In this context,
our proprioceptive soft actuator fabricated through the innovative
and rational design strategy achieves significant advancements in
terms of system layout complexity, the interfacial stability, and total
costs for the actuator system. Moreover, the inherent proprioceptive

sensing capability could enhance the overall reliability and stability of
soft robotic systems, making them more suitable for real-world
applications and human-robot interactions. Future work is, however,
required for further improvements. First, the output force generated
by the soft actuator can be further increased by adjusting the con-
stituent elastomeric material. The body of a soft actuator can be
replaced with other elastomeric materials with a high Young’s
modulus to achieve a higher output force. Second, a more detailed
investigation into various parameters that affects actuating and
proprioceptive sensing performance of the presented soft actuator,
including the diameter of the fiber reinforcements, the wall thickness
and Young’s modulus of the elastomeric chamber, can further
advance the presented proprioceptive soft actuator. Furthermore,
based on these various material and structural parameters, the ana-
lytical model for the mechanical and capacitive behavior of the soft
actuator can be further refined. Lastly, enhancing the adhesive
properties between the microfibers and the elastomeric matrix in the
soft actuator can effectively prevent potential drift of the microfibers,
which improve the stability of the proprioceptive sensor. We believe
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Fig. 7 | Soft prosthetic hand using the proprioceptive soft actuators.

a Photographs of the soft prosthetic hand expressing the rock-paper-scissors
actuation according to finger bending. b Different capacitive responses of the five
proprioceptive bending sensors with respect to various gestures of rock, paper, and
scissors. ¢ Photographs showing the capability of the soft prosthetic hand to grip
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tennis ball. d Clearly distinguishable capacitive responses of the five proprioceptive
bending sensors in finger actuators according to the diverse objects grasped by the
soft prosthetic hand. e Photographs showing the object recognition and classifica-
tion of the soft prosthetic hand. f Classification confusion matrix based on the real-
time experimental data.
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that our rational and innovative design approach for the proprio-
ceptive soft actuator highlights significance and importance of our
work for practical applications of soft actuators.

Methods

Fabrication process of the fiber-reinforced soft actuator with
inherent proprioceptive sensor

The fabrication process of the fiber-reinforced soft actuator is divided
into four main steps: molding step to make the elastomeric chamber,
incorporating step of the axial strain-limiting fiber along the elasto-
meric chamber in the longitudinal direction, winding step of the
radial expansion limiting fibers around the elastomeric chamber in a
helical configuration, and encapsulation step of the soft actuator with
an elastomeric polymer. For the molding step of the elastomeric
chamber, plastic molds for cylindrical objects with helical rips were
created using a 3D printer (Ultimaker Ltd., Ultimaker S3) with a
tough PLA as shown in Supplementary Fig. la. The elastomeric
chamber was fabricated by casting a liquid silicone elastomer
(Smooth-on Inc., Dragon Skin 10 medium) in a 3D-printed mold
with a sacrificial steel rod. After the liquid elastomer in the 3D-
printed molds was cured, the steel rod and molds were removed to
obtain the elastomeric chamber for the soft actuator with a hollow
core (Supplementary Fig. 1b). The open lower end of the elastomeric
chamber was capped by placing it in a second 3D-printed mold set
containing an uncured elastomeric polymer (Supplementary Fig. 1c).
The open upper end of the elastomeric chamber was also capped with
plastic tubing to apply the pneumatic input pressure to the soft
actuator (Supplementary Fig. 1d). For the bending deformation of the
soft actuator, an axial strain-limiting fiber (Sueco Ltd., Kevlar fibers
(Para-aramid)) was placed along the pre-defined groove on the
elastomeric chamber in the longitudinal direction (Supplementary
Fig. 1g). For the fiber reinforcement of the soft actuator, the four
radial expansion limiting fibers were wound around the elastomeric
chamber along the double helical ribs which acted as a guide groove
(Supplementary Fig. 1h to 1l). In particular, two parallel normal
microfibers (Sueco Ltd., Kevlar fibers (Para-aramid)) were helically
wound clockwise around the elastomeric chamber (Supplementary
Fig. 1h, i). In a similar manner, two parallel conductive microfibers
(Adafruit Inc., stainless steel microfibers (ADA-640)) were helically
wound around the chamber in a counterclockwise direction (Sup-
plementary Fig. 1j-1). Finally, as illustrated in Supplementary Fig. 2,
the axial strain-limiting fiber and radial expansion limiting fibers
wound around the chamber were secured by encapsulating the entire
soft actuator with a thin silicone elastomer layer (Dragon Skin 10
medium).

Mechanical and electrical characterization of the soft actuator
and microfiber-based flexible proprioceptive sensor

To apply the internal pneumatic pressure to the soft actuator, a pressure
controller (Elveflow Inc., OB1) and commercial compressor (G&P air Inc.,
EWS30) were used with urethane-based tubes. The input channel of the
pressure controller was connected to the compressor and the output channel
of the pressure controller was connected to the plastic tubing component of
the soft actuator. The pressure controller converted the uncontrolled
pneumatic pressure provided by the compressor to controlled pneumatic
pressure in order to operate the soft actuator. All of the pressure values in
this study indicate the gauge pressure. The bending angle of the bent soft
actuator under the applied input pressure was measured by analyzing the
images or video frames captured by a DSLR camera (Canon Inc., EOS 90D).
To measure the capacitive response of the proprioceptive sensor under the
bending actuation of the soft actuator, the two conductive microfibers for
the sensor were connected to an inductor-capacitor-resistor (LCR) meter
(Keysight-Technologies Inc., E4980AL), measuring the capacitance of the
sensor at 300 Hz. Isometric and isotonic force measurements were carried
out by measuring the force at the distal tip of the soft actuator using a force

meter (Imada Inc., DSV-20N) while increasing the input pressure under a
constant bending angle or increasing the bending angle under a constant
input pressure.

Soft robotic demonstrations of proprioceptive soft actuators

A robot arm (Universal Robots Inc., UR5e), three pressure regulators (SMC
Corp., ITV2030-312CL), and a capacitance detector (Texas Instruments
Inc., FEC1004) were used to demonstrate the soft gripping system. The
adaptor and holder were designed, and 3D-printed for connecting the robot
arm and soft actuators as shown in Fig. 6a. The adaptor was cylindrical with
three holders, arranged in a 120° rotation, and three actuators were fastened
to the holders with bolts. The capacitance detector in the holder was sol-
dered onto the two conductive microfibers of the proprioceptive bending
sensor of the soft actuators to measure the capacitive response of the sensors.
To achieve a more stable gripping capability of the system, the proprio-
ceptive soft actuators in the system were fabricated with different structural
parameters (an actuator length of 84 mm, pitch of 2.5 mm, and elliptical
cross-section with a height of 19 mm and a width of 24 mm). In addition, the
shape of the distal tip of the soft actuator was changed from an elliptical
cylinder to an elliptical wedge to increase the contact area between the soft
actuators and target objects, inducing a high frictional force during the
gripping task. The internal pressures of the three soft actuators could be
modulated by three regulators in parallel, and each regulator was connected
to the pressure sources. The pressure regulators and robotic arm were
independently controlled using Arduino Uno R3, and proprietary software
provided by Universal Robots Inc., respectively. To implement the pneu-
matic soft prosthetic hand, five proprioceptive soft actuators were integrated
with a 3D-printed rigid palm. The proprioceptive soft actuators in the soft
prosthetic hand were fabricated with a constant diameter of 18 mm and
pitch of 3 mm. The lengths of the soft actuators in the prosthetic hand were
110 mm for the middle finger, 100 mm for the index and ring fingers, and
85 mm for the thumb and little finger. The two conductive microfibers
comprising the proprioceptive bending sensor in the soft actuator were
connected to an LCR meter (Keysight-Technologies Inc., E4980AL) to
measure the capacitance of the bending sensor. Each soft actuator which acts
as a finger for the soft prosthetic hand was controlled by a pressure controller
(Elveflow Inc., OB1) to grip several target objects.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article and supplementary information files.

Code availability
All codes that support the findings of this study are available from the
corresponding authors upon reasonable request.
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