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with Integrated Optical Waveguide Using a Single Material
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Abstract

In muscle tissues, muscle fibers generate active force, muscle spindles provide passive proprioceptive feedback,
and connective tissues tightly bind their movements together, forming a reliable biological system. Inspired by
this, we propose a single material fabrication method to monolithically print pneumatic proprioceptive actuators
(MPPPAs). By leveraging the multifunctional properties of thermoplastic polyurethane (TPU), including inher-
ent flexibility, fusibility, and translucency, and employing a desktop-level fused deposition modeling printer, air-
tight chambers and embedded optical waveguides are realized within a continuous printing process. Optimized
printing parameters lead to fully densified chambers, resulting in a leakage rate of only 0.85% under 200 kPa
and maintaining 462.55 kPa after 10 minutes from an initial 500 kPa. The optical waveguides exhibit robust pro-
prioception, maintaining a stable signal over 5000 bending cycles with less than 0.5% drift. Mechanical tests
confirm synchronized deformation and continuous structural integration across the monolithically co-printed
actuator-sensor region, enabling MPPPAs to achieve reliable actuation-sensing performance with sensing errors
below 1.82%. Demonstrations include precise surface contour measurement with the root mean square error of
0.16 mm and real-time gripping width estimation, validating the method’s effectiveness in fabricating compact
and stable proprioceptive actuators. This research advances actuation-sensing integration in soft robotics, ena-
bling streamlined fabrication and improved reliability for future intelligent systems.

Keywords: soft robotics, integrated actuation and sensing, single material printing, proprioceptive actuators,
optical waveguides

Introduction

O ver the past decades, soft pneumatic actuators (SPAs)
have attracted widespread attention due to their low cost

and weight, fast response, and easy implementation1,2 and have
been widely investigated in applications such as gripping,3

locomotion,4,5 and wearable devices6,7 to address various prac-
tical challenges. Among them, pneumatic proprioceptive actua-
tors (PPAs), which can reliably perceive their own deformation
state, have demonstrated superior accuracy and stability in task
execution by leveraging proprioceptive feedback.8,9

From both functional and structural perspectives, actua-
tion and proprioception represent the two core subsystems of

PPAs. The overall performance of PPAs depends not only on
the independent performance of the actuators and sensors but
also critically on their effective integration.10 Consequently,
extensive research efforts have been devoted to combining
and coupling these subsystems through methods such as non-
contact installation, attached or embedded assembly, and mon-
olithic 3D printing.

Among these integration methods, noncontact installation
typically relies on commercially available contactless sensors
to capture deformation information without direct physical
connection to the soft actuators.11 This approach provides a
straightforward way to realize PPAs, as it effectively avoids
the challenges associated with the continuous and complex
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deformations of soft actuator materials.12,13 For instance,
high-speed cameras can capture local or global deformations
through heatmap analysis;14 external magnetic fields can
track the pose of the actuator tip;15 and high-precision laser
sensors16,17 or air pressure sensors18,19 can provide efficient
feedback on the deformation of linear actuators. However,
these noncontact sensing methods often require bulky and
expensive external equipment, which limits the suitability of
PPAs in applications demanding low cost, portability, and
flexibility.

In contrast, flexible and stretchable sensors offer a more
reliable approach to capturing continuous actuator deforma-
tion, owing to advantages such as enhanced resistance to inter-
ference, multimodal sensing capabilities, and compatibility
with compact integration.20–22 By attaching or embedding
these sensors directly onto or within the actuators, sensor
deformation becomes mechanically coupled with actuator
deformation, resulting in more stable proprioceptive feed-
back.23,24 Recent studies have shown that thin-film soft sen-
sors distributed across actuator surfaces can reconstruct
kinematic geometry25–27; slender optical waveguides embed-
ded within bending actuators can detect bending motion, ena-
bling proprioceptive functions similar to human fingers28–32;
and multiple sensor types can be combined to achieve multi-
modal deformation sensing.33,34 However, these assembly-
based methods inevitably involve labor-intensive manual inte-
gration processes, which can introduce installation errors and
compromise consistency and repeatability. Bioinspired soma-
tosensory actuators leverage the multifunctional characteristics
of smart materials to achieve integrated actuation and sensing
without the need for assembly. However, they still require
complex material synthesis and fabrication processes.35,36

State-of-the-art research has explored multimaterial 3D
printing technologies as an innovative method to develop
PPAs,37 due to their capabilities to fabricate complex geo-
metries, enable customized integration, and support multiscale
manufacturing.38,39 Researchers have successfully employed
3D printing to individually fabricate soft actuators with
diverse structures,40–42 high-performance sensors, or sensor
arrays43–45 and have also monolithically realized PPAs by
integrating actuators and sensors into a single printed body.46–49

For example, three matrix materials and two ink materials were
combined through 12 printing steps to achieve actuation and
sensing capabilities;50 conductive silicone has been used to
fabricate actuators with complex cavity structures coupled with
flexible triboelectric sensors;51 and sensor-embedded soft grip-
pers have been monolithically printed by using materials with
different physical and chemical properties.37 These studies rep-
resent significant advances toward streamlined fabrication of
complex, multifunctional PPAs.

However, several unavoidable challenges remain. On one
hand, mismatches in mechanical properties such as hardness
and stiffness among different materials can lead to stress con-
centrations during the synchronous movement of sensors and
actuators,9,52 thereby weakening the bonding interfaces and
limiting overall performance. On the other hand, the multi-
material printing method imposes stringent requirements
on material compatibility and the printer’s capability to
process multiple materials, often necessitating expensive
equipment and intricate procedures such as material switch-
ing and system calibration.37,50

In this work, to address the challenges integrating actua-
tion and sensing in PPAs, we investigate the multifunctional
properties of a single material and leverage its inherent ver-
satility to monolithically realize both actuation and sensing
capabilities within a continuous printed structure. This strat-
egy fundamentally mitigates issues arising from mismatched
mechanical properties in multimaterial devices. Furthermore,
achieving such integration solely with a single material and
commercially available desktop-level equipment constitutes
a substantial advancement in monolithic fabrication techni-
ques for proprioceptive soft actuators.

The main contributions are summarized as follows:

1) Inspired by the multifunctionality of the muscle tissue,
we propose a method that leverages the multifunc-
tional properties of a single material to monolithically
print pneumatic proprioceptive actuators (MPPPAs).
This approach enables the actuator and sensing regions
to share uniform mechanical properties and maintain
seamless structural continuity throughout the printed
device.

2) A commercially available TPU filament is investigated
for its multifunctional properties, including flexibility,
fusibility, and translucency. By exploiting these prop-
erties and employing a conventional desktop-level
fused deposition modeling (FDM) printer, we develop
optimized printing parameters to fabricate both airtight
chamber walls for actuation and optical waveguides for
sensing from a single TPU material. The feasibility of
constructing the integrated actuation and sensing func-
tions is validated through experiments and simulations.

3) Building on this single-material printing approach and
the multifunctional properties of the TPU filament,
MPPPAs that integrate both actuation and sensing
regions are fabricated monolithically and continuously
in a single uninterrupted printing process through opti-
mized printing parameters. Experimental results dem-
onstrate that the resulting MPPPAs exhibit stable and
reliable actuation performance, along with superior
proprioceptive sensing capabilities.

Materials and Methods

Design concept of MPPPA

The concept of the MPPPA refers to a proprioceptive actua-
tor that integrates both actuation and sensing capabilities within
its body, fabricated using a single material through monolithic
3D printing. It is inspired by the muscle tissue, shown in
Figure 1A, which comprises muscles, muscle spindles, and
connective tissue. When the human body performs movement
tasks, the brain first sends activation signals to the muscles via
the spinal cord, causing them to contract and produce motion.
Meanwhile, due to the tight coupling of muscles and muscle
spindles by connective tissue, this active contraction passively
deforms the muscle spindles. Acting as proprioceptors, the
muscle spindles detect these deformations and transmit sensory
feedback to the brain, thereby establishing a closed-loop sys-
tem that integrates actuation with proprioceptive sensing.53,54

Excluding neural regulation by the brain, this sophisticated
proprioceptive mechanism primarily relies on three struc-
tural and mechanical conditions. First, coordinated actuation
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and sensing, in which muscle fibers generate movement
while muscle spindles provide sensory information. Second,
strong mechanical coupling through connective tissue
ensures synchronized deformation between muscle fibers
and muscle spindles. Third, closely matched mechanical
properties among muscle fibers, spindles, and connective
tissue, which help reduce stress concentrations during over-
all tissue deformation.55–57

This delicately balanced and highly integrated biological
model guides our design and fabrication method for proprio-
ceptive actuators, as shown in Figure 1B–E. Specifically, we
utilize a commercially available TPU filament and its multi-
functional properties to fabricate both actuation and sensing
components using a standard single-nozzle FDM printer
(Raise3D Pro2 Plus, Supplementary Fig. S1), combined with
tailored printing parameters and toolpaths. This includes har-
nessing the flexibility and fusibility of TPU to print soft, air-
tight pneumatic chambers (Fig. 1C) and leveraging its
flexibility and translucency to print soft optical waveguides
(Fig. 1D). Furthermore, as shown in Figure 1E, by embed-
ding the waveguide inside the actuator through an integrated
design and adjusting specific printing parameters, we achieve
the monolithic fabrication of pneumatic proprioceptive actua-
tors embedded with optical waveguides (Supplementary
Movie S1). Since the proposed concept fabricates both the
actuator and the waveguide using the same material, the fused
deposition process results in continuous molecular entangle-
ment throughout the printed structure, promoted by high-

temperature melting and subsequent solidification.58,59 This
process ensures uniform mechanical properties throughout
the actuator and waveguide regions and enables synchronized
global and local deformation within the monolithic structure.

Overall, the proposed concept of MPPPAs is inspired by
the structure and mechanical mechanism of human muscle
tissue and leverages the multifunctional properties of TPU
material. Using a common FDM printer and specifically
designed printing parameters, it enables the monolithic fabri-
cation of compact proprioceptive actuators. Therefore, the
proposed method successfully replicates the structural and
mechanical conditions underlying the sophisticated, robust,
and stable functionality of the human muscle tissue system.
In the following sections, we present and discuss the design,
fabrication, and performance of the printed actuator, optical
waveguide, and integrated proprioceptive actuator, and fur-
ther illustrate their potential applications through a surface
reconstruction demonstration.

Fabrication and characterization of MPPPA

3D printing of actuators, waveguides, and test psamples. All
soft actuators, optical waveguides, and test samples in this
study were fabricated using a commercial TPU filament (Pol-
yFlex� TPU90, clear color, Polymaker) with an FDM 3D
printer (Raise3D Pro2 Plus, Raise3D Technologies, Inc.).
Printing parameters and toolpaths were configured via com-
mercial slicing software (ideaMaker 5.1.4, Raise3D Technol-
ogies, Inc.). To slice the actuator and waveguide regions with

FIG. 1. Overview of the proposed concept, including the biological mechanism of muscle tissue, the multifunction
properties of TPU material, and the monolithic printing method for MPPPAs. (A) The biological mechanism of proprio-
ceptive muscle tissue illustrates the tight bonding between muscle fibers and muscle spindles through connective tissue.
Inspired by this, (B) we utilize FDM technology and the multifunctionality of a clear TPU filament to monolithically
print (C) airtight pneumatic actuators, (D) optical waveguide sensors, and (E) integrated MPPPAs with continuous
fusion regions. MPPPA, monolithically print pneumatic proprioceptive actuators, FDM, fused deposition modeling.
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different printing parameters, two slicing groups were created
in ideaMaker, as shown in Supplementary Figure S18. Since
moisture absorption is a common issue for TPU filaments
exposed to ambient air, the filament was stored in a drying
chamber (eBOX Lite, eSUN) to ensure consistent and reliable
printing quality.

Optical sensing circuits. The optical waveguide sensor
comprises a light-emitting diode (LED) (TSAL4400, Vishay
Semiconductors) serving as the light source and a photodiode
(PD) (TEFT 4300, Vishay Semiconductors) functioning as the
receiver that converts incident light into an electrical signal.
Both devices exhibit peak emission and response wavelengths
of approximately 940 nm. To ensure stable and reliable sens-
ing signals, the sensing circuit incorporates a voltage regula-
tion module (based on the AMS1117-1.5 chip) that supplies a
constant 1.5 V to the LED, as well as a signal amplification
module (based on the INA180A2IDBVR chip) that amplifies
the current signal generated by the PD and converts it into a
0–5 V voltage output (Supplementary Fig. S14). Capacitors
C1 and C2 were each set to 100 nF; resistor R1 was config-
ured as a variable resistor with an adjustable range of 0–20 X,
and resistor R2 was a fixed resistor with a value of 75 X.

Sensor signal acquisition and data processing. The sens-
ing signals used in the experiments primarily included pneu-
matic pressure measured by a pressure sensor (XGZP6857A,
maximum 700 kPa, CFSensor Inc.), bending angle obtained
from an inertial measurement unit (IMU, MPU6050, Inven-
Sense Inc.), and voltage signals from the optical waveguide
sensor. All signals were recorded in real time during actua-
tion. The real-time data from these three types of sensors
were acquired and transmitted to the microcontroller unit
(MCU) via an analog-to-digital converter module board
(AD7606, Analog Devices Inc.). The MCU then relayed all
collected data to a PC through a serial interface for central-
ized acquisition. Subsequently, all data were processed and
analyzed using MATLAB R2023a and Origin 2024 to gener-
ate the final results and figures.

Results

3D printing airtight chambers

The airtight chamber is a critical structural component of
MPPPAs, and ensuring adequate airtightness is essential for
achieving reliable actuation and consistent pressure regula-
tion. In this section, we examine the airtightness of 3D
printed chambers and explore strategies to enhance their abil-
ity to maintain stable internal pressure.

As an additive manufacturing technique, 3D printing pro-
duces chamber walls whose airtightness depends not only on
the material’s intrinsic densification properties but also
directly on the specifics of the fabrication process. Previous
studies have demonstrated that simplifying the chamber
geometry and adopting continuous, closed Eulerian printing
paths can effectively improve airtightness.41 Robots employ-
ing this strategy were even able to operate stably under inter-
nal pressures of up to 138 kPa.60 Motivated by these findings,
and with the goal of further improving the high-pressure tol-
erance and actuation performance of 3D-printed structures,
we systematically investigated and analyzed their

microstructural characteristics and mechanical performance
under different FDM printing parameters.

When constructing buildings with bricks, rectangular bricks
are typically used to ensure dense packing and structural sta-
bility. In contrast, FDM printers typically use circular nozzles,
which cause the extruded filament to naturally assume a cylin-
drical shape. This nonrectangular cross-section leads to air
holes between adjacent printing paths (Fig. 2A). Although
partial overlaps between paths facilitate the formation of
molecular chains that enhance interlayer bonding, these holes
still affect the internal stress distribution within the printed
object, ultimately compromising its overall mechanical per-
formance and airtightness.58,59

To achieve a dense printed structure, as shown in the
lower part of Figure 2A, the actual extruded cross-sectional
area must exceed the area of the dashed rectangular bound-
ary (A � h ·w). Based on Supplementary Note S1 and Sup-
plementary Table S1, a straightforward calculation shows
that the printing parameters q should exceed 110% when h =
0.1 mm and should exceed 117% when h = 0.2 mm.

To validate the aforementioned model for eliminating
micro-holes and to identify the optimal airtight-printing
parameters for the MPPPA chamber region, several rectangu-
lar chamber samples (Supplementary Fig. S2) were fabricated
using different printing parameter combinations and subse-
quently evaluated through airtightness testing. These samples
were subsequently sectioned and examined via scanning elec-
tron microscopy (SEM) analysis. The surface morphology of
the printed microstructures was characterized using a field-
emission scanning electron microscope (GeminiSEM 360,
ZEISS). Prior to imaging, the samples were sputter-coated
with a thin layer of gold to improve conductivity. Representa-
tive SEM images are shown in Figure 2B and C, where the
cross-sectional regions of the samples are magnified by 20·
to highlight their internal structural features. In these images,
the gray regions correspond to extruded TPU material, while
the black regions indicate air holes. Specifically, when the
layer height was set to 0.2 mm and the flow rate to 90%, the
printed sample exhibited periodically arranged micro-holes,
with a limited bonding area between adjacent extrusion paths.
In contrast, reducing the layer height to 0.1 mm and increas-
ing the flow rate to 110% resulted in excess extruded filament
being compressed and spread during printing, effectively
eliminating these holes. As shown in Figure 2C, the sample
printed with a 0.1 mm layer height and 110% flow rate exhib-
its a fully dense TPU microstructure with no internal holes,
effectively reducing stress concentrations and improving air-
tightness. Consistent with this observation, the mechanical
test results in Supplementary Figures S3-S8 confirm that
lower layer heights and higher flow rates yield more stable
and superior mechanical performance. Therefore, a 0.1 mm
layer height and 110% flow rate were selected for fabricating
the airtight chamber region in all final MPPPA prototypes. In
addition to these two key parameters, the other main printing
settings used for chamber fabrication are summarized in Sup-
plementary Table S1.

To verify the airtightness of chambers fabricated with these
optimized parameters, preliminary tests were conducted on
rectangular chambers, as shown in Figure 2D. Each chamber
had dimensions of 35 mm · 19 mm · 20 mm and a wall
thickness of 1.6 mm. The slicing path design consists of four
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parallel, continuous, closed-loop paths following the Eulerian
path strategy,38 which is one of the key factors to ensure the
airtightness (Supplementary Fig. S9). The top and bottom
ends of each printed chamber were sealed using nylon end
caps and cyanoacrylate adhesive. Finite element simulations
indicated that stresses and strains are generated within the
chamber walls under an applied pressure difference, making
this design an effective and representative case for assessing
whether the optimized printing parameters can reliably
achieve airtightness.

To directly assess the effect of optimized printing parame-
ters on the airtightness of the chambers, six examples were
fabricated with the chamber’s printing layer heights of
0.1 mm, 0.2 mm, and 0.3 mm and extrusion flow rates of
90% and 100%, respectively. The airtightness test was per-
formed by pressurizing each chamber via the pneumatic sys-
tem, sealing it with a valve, and then measuring the internal
pressure changes over time using an air pressure sensor (Sup-
plementary Fig. S10). Each chamber was initially pressurized
to 200 kPa, and the pressure retention was monitored over a
period of 0–100 s. In this context, a higher retained internal
pressure at 100 s indicates better airtightness. As shown in
Figure 2E, both layer height and extrusion flow rate directly
influence the airtightness of the printed chambers. Specifi-
cally, airtightness improves as the layer height decreases and
the flow rate increases. When the layer height was set to
0.3 mm, the chambers exhibited poor airtightness: After 100 s,
the internal pressure dropped from the initial 200 kPa to only
16.99 kPa (a leakage of 91.51%) and 58.03 kPa (a leakage
of 70.99%), respectively. In contrast, reducing the layer
height to 0.1 mm significantly enhanced airtightness: After
100 s, the chamber printed with a 90% flow rate retained a
pressure of 196.77 kPa (a decrease of only 1.62%), whereas

the chamber printed with a 100% flow rate retained 198.29
kPa (a decrease of just 0.85%).

We further evaluated the airtightness of the printed cham-
bers under higher pressure conditions and over an extended
duration, as shown in Figure 2F. All four samples maintained
internal pressures above approximately 400 kPa even after
10 min, starting from an initial pressure of 500 kPa. Notably,
the chamber printed with a layer height of 0.1 mm and an
extrusion flow rate of 110% retained a pressure of 462.55
kPa, corresponding to a pressure drop of only about 7.49%.
Overall, these results demonstrate that the optimized printing
parameter settings can effectively achieve and maintain excel-
lent airtightness. To investigate the trade-offs associated with
the over-extrusion strategy, additional experiments examining
dimensional accuracy and surface quality were conducted,
and the results are summarized in Supplementary Figure S11.
Overall, these findings show that combining a moderately
increased flow rate with a reduced layer height improves the
airtightness and surface finish of the printed chamber walls,
while only minimally affecting dimensional accuracy.

3D printing optical waveguides

After successfully fabricating airtight chambers by lever-
aging the fusibility and flexibility of TPU, this section fur-
ther explores its flexibility and translucency for the
fabrication of optical waveguides. In optical sensors, the pri-
mary function of the waveguide is to transmit light from the
source to the photodetector. Therefore, we first investigated
the light transmittance of the selected TPU filament.

Due to the characteristics of additive manufacturing, the
optical performance of printed waveguides is influenced not
only by the intrinsic material properties but also by the

FIG. 2. Influence of 3D printing parameters on airtightness of printed objects. (A) The circular nozzle of the FDM
printer creates holes between adjacent paths, which can be controlled by adjusting the printing parameters of layer
height and flow rate. (B)–(C) SEM images of cross-sections printed with different parameters, magnified 20·, scale
bar: 200 um. (D) Airtightness example and test results at initial air pressures of (E) 200 kPa and (F) 500 kPa. SEM,
scanning electron microscopy.
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printing process and the resulting internal microstructure.
Previous studies based on SLA printing have shown that the
orientation of printed layers can significantly influence opti-
cal attenuation, primarily due to differences in curing interfa-
ces and scattering behavior.32,61 For FDM-printed TPU
waveguides, our recent work similarly demonstrated that the
printing path introduces orientation-dependent optical behav-
ior.46 Building upon these findings, the present study further
systematically investigates how FDM printing-path orienta-
tion affects waveguide transmission performance.

To this end, three rectangular samples (100 · 25 mm ·
5 mm) with different printing-path orientations (Supplemen-
tary Figs. S12 and S13A) were prepared for transmittance
measurements, as illustrated in Figure 3A. In these experi-
ments, light was incident along the y-axis, while the printing
paths were oriented at 90�, 45�, and 0� relative to the direction
of incidence. These samples were fabricated using the slicing
strategy shown in Supplementary Figure S13A and Supple-
mentary Table S2, in which the printing angle could be
adjusted by setting shells = 0, infill density = 100%, and defin-
ing the corresponding infill angle in the slicing software.

Figure 3B presents the transmittance results of the three
samples across wavelengths ranging from 350 to 1100 nm.
The measurements were performed using an ultraviolet-
visible-infrared spectrophotometer (UV-3600 Plus, SHI-
MADZU) equipped with an integrating sphere (ISR-603).
Although all samples share identical dimensions and were
fabricated using the same printing process (Supplementary
Movie S2), their transmittance differs substantially due to
variations in internal microstructure. Specifically, the sample
printed with a 0� path orientation achieved an average trans-
mittance of 54.51% within the 550–1100 nm range, whereas
the 45� and 90� samples exhibited lower average

transmittance values of 33.39% and 24.95%, respectively.
The simulation results in Supplementary Figure S14 further
confirm that the orientation of internal holes plays a critical
role in shaping the optical transmission behavior, as the air
holes effectively guide and redirect light within the structure.
This behavior is conceptually similar to the guiding mecha-
nism in photonic crystal fibers, where periodically arranged
microstructures direct light propagation.62 Building on these
insights, we designed and fabricated waveguides with print-
ing paths aligned parallel to the direction of light propaga-
tion. The corresponding printing parameters (layer height =
0.2 mm, flow rate = 100%) are summarized in Supplemen-
tary Table S3 and Supplementary Figure S13B, and the
resulting internal microstructure is shown in Figure 3C.

Building upon the previous findings regarding FDM print-
ing characteristics and the optical properties of TPU material,
we fabricated a bending deformation sensor using a straight
optical waveguide with designed dimensions of 4 · 4 ·
120 mm. As shown in Figure 3D, this deformation sensor con-
sists of three main components: a commercially available
LED and PD, and the printed waveguide. Light emitted by the
LED propagates through the waveguide and is subsequently
detected by the PD, thereby generating a sensing signal. When
the waveguide undergoes bending deformation, its internal
light path is disrupted, resulting in increased light leakage.
Consequently, variations in the light intensity received by the
PD can be correlated with the bending state of the waveguide.
For practical applications, the raw sensing signal was con-
verted into a 0–5 V analog voltage using peripheral circuits
(Supplementary Fig. S15). An initial demonstration of the sen-
sor’s capability is provided in Supplementary Movie S3, in
which bending deformations are clearly reflected in the volt-
age signal.

FIG. 3. Light transmission properties of 3D printed waveguides and sensing performance of bending deformation sen-
sors. (A) Regulation of transmittance in printed objects through different path designs. (B) Transmittance spectra of
three sample designs measured across wavelengths from 300 to 1100 nm. (C) Slices and internal cross-sections of opti-
cal waveguides. (D) Structure and working principle of the optical bending sensor. (E) Results of the sensor’s 5000-
cycle bending fatigue test.
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To further evaluate the sensor’s stability and fatigue resist-
ance, we conducted a repeated bending test at 4 Hz for 5000
cycles using a slider-crank setup (Supplementary Movie S3
and Supplementary Fig. S16). The sensing output is expressed
as the voltage change ratio DV/V0, where DV = V0 – V repre-
sents the decrease in voltage relative to the initial value V0.
As shown in Figure 3E, this change ratio remains highly stable
throughout the test. In the first cycle, the maximum and mini-
mum values were 0% and 35.50%, respectively, while in the
5000th cycle, they were 0.07% and 35.42%, respectively. This
corresponds to a signal drift of only about 0.42%, demonstrat-
ing excellent long-term stability. Such robustness provides a
strong foundation for the subsequent development of the inte-
grated proprioceptive actuator.

Monolithically printed pneumatic proprioceptive actuators

The core objective of this work is to monolithically fabri-
cate pneumatic proprioceptive actuators through a single-
material, single-step printing process. In the previous sec-
tions, we analyzed and discussed the airtight pneumatic
chambers and optical waveguides separately, both of which
are critical components of the proposed MPPPAs. In this
section, the actuation and sensing regions are integrated into
the combined monolithic design illustrated in Figure 4A (see
detailed dimensions in Supplementary Fig. S17) and fabri-
cated monolithically using the slicing strategy shown in
Figure 4B. The actuator adopts a classical PneuNet struc-
ture,63 which enables bending actuation, while the optical
waveguide is embedded within the bottom constraint layer to
effectively capture the overall bending deformation. Under
this integrated design, both the actuation and waveguide func-
tional regions of the MPPPA can be monolithically printed as
a single seamless structure using group slicing settings in
ideaMaker (Supplementary Fig. S18). Supplementary Figure
S19 illustrates that this monolithically printed structure exhib-
its more stable mechanical performance during deformation
compared with the assembled structure. Figure 4B shows a
fully functional MPPPA that consists of a monolithically
printed airtight chamber and optical waveguide, together with
an integrated LED and PD, end connectors, and an air inlet.
This entire MPPPA features a highly compact design, which
is particularly advantageous for robotic applications.

First, we evaluated the basic airtightness performance of
the MPPPAs, as shown in Figure 4C, which reports the inter-
nal pressure decay over 10 min under initial pressures of
100–500 kPa. The accompanying video (Supplementary
Movie S4) partially and visually demonstrates the airtightness
performance during the test. At lower pressures, the actuator
demonstrates excellent airtightness. For example, starting
from 100 kPa, the actuator shows excellent airtightness, with
the pressure decreasing by less than 0.1% every 10 s. At
higher pressures, airtightness declines slightly (Supplemen-
tary Fig. S20), with the 500 kPa case showing an average
pressure drop of about 0.68% per 10 s. Overall, the MPPPAs
fabricated with the optimized printing parameters can with-
stand actuation pressures up to 500 kPa while maintaining
excellent airtightness. This reliable airtight performance veri-
fies the effectiveness of the proposed airtight-printing strategy
and provides a critical foundation for stable pneumatic actua-
tion and consistent proprioceptive sensing in the final mono-
lithic MPPPAs.

After discussing the basic actuation performance of the
MPPPAs, we further established a calibration curve based
on three devices fabricated with identical printing parameters
to evaluate the consistency of their actuation and sensing
behaviors and to verify the reliability of the calibration
model. These experiments were carried out using the setup
shown in Figure 4D, where the pressure input, optical sens-
ing output, and actuator bending angle were simultaneously
recorded for subsequent analysis.

For actuation consistency, Figure 4E shows that all three
MPPPAs exhibit nearly identical bending responses over the
full 0�-300� range, with an average root mean square error
(RMSE) of only 0.25�, demonstrating highly consistent mechan-
ical behavior under identical printing conditions. Owing to the
characteristics of the PneuNet structure, the actuator exhibits dis-
tinct deformation regimes before and after chamber-wall con-
tact; therefore, similar to the sensing calibration, a third-order
polynomial was used to fit the bending-pressure relationship,
with the fitted model provided in Note S3. The fitted curve
achieved an average RMSE of 0.71� across the three datasets,
confirming both the accuracy and robustness of the calibration.
Supplementary Note S2 and Supplementary Figure S21 further
confirm that embedding the optical waveguide does not appreci-
ably compromise the actuator’s mechanical performance, while
simultaneously enabling proprioceptive sensing capability.

For sensing consistency, slight variations are observed in
the raw data (Supplementary Fig. S22), likely resulting from
small assembly deviations during manual LED/PD installa-
tion and minor printing differences in the internal waveguide
microstructure. After applying [0,1] normalization, the
bending-sensing curves (angle-DVnorm) in Figure 4F exhibit
strong agreement across all three MPPPAs. Based on the
comprehensive fitting error analysis in Supplementary Table
S4, a third-order polynomial was used to model the proprio-
ceptive sensing behavior of the MPPPAs, with the fitted
expression provided in Note S3. The model achieved an
average RMSE of 2.01� (3.35%) across the three datasets,
confirming that the optical sensing response remains highly
consistent after normalization. This calibrated sensing model
is subsequently used for all proprioceptive functions demon-
strated in the later applications of the MPPPAs.

After characterizing the basic actuation and sensing per-
formance of the MPPPAs, we next investigate their proprio-
ceptive capabilities. In conventional SPAs, internal air
pressure signals are often used to infer the actuation state.
However, due to the inherent hysteresis of soft materials,
this approach can introduce delays in the actuator’s response,
as illustrated in Figure 4G. Specifically, when the internal air
pressure changes rapidly, for example, dropping from 300 to
0 kPa within 1 s, the soft actuator cannot immediately return
to its original horizontal posture. This makes it challenging
to accurately estimate its proprioceptive state based solely
on pressure data. In contrast, the proposed MPPPAs leverage
continuous structural integration and uniform mechanical
properties across the actuator and sensing regions, enabling
real-time feedback of deformation through optical sensing
signals. To validate this capability, we performed five cyclic
bending tests on the MPPPAs and compared the bending
angles estimated using an air pressure sensor with those
measured by the integrated optical waveguide sensor. The
comparison results are shown in Figure 4H, where the
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horizontal axis indicates bending angles obtained from an iner-
tial measurement unit sensor, considered as the ground truth,
and the vertical axis shows the predicted angles. As observed,
the angles predicted based on internal air pressure (green
curve) exhibit pronounced hysteresis, resulting in an RMSE of
3.27� relative to the actual angles. In contrast, the angles pre-
dicted by the optical waveguide (red curve) demonstrate better
repeatability and consistency, closely aligning with the 45� ref-
erence line and yielding a lower RMSE of just 0.92�.

Additionally, we further compared the proprioceptive per-
formance of the internal air pressure sensor and the integrated
optical waveguide under a stepwise actuation response, as
shown in Figure 4I. This experiment was designed to evaluate
the proprioceptive sensing capability of the MPPPA under
dynamic actuation and hysteresis conditions, where SPAs
typically exhibit delayed mechanical responses due to the vis-
coelasticity of the material. Such hysteresis often leads to
notable discrepancies when actuator posture is inferred solely
from internal pressure measurements.

In contrast, in the proposed MPPPAs, both the actuator and
the optical waveguide regions are monolithically fabricated
from the same TPU material, ensuring identical mechanical
properties and synchronized deformation. Therefore, the opti-
cal waveguide-based sensing can more accurately capture the
actuator’s true deformation during dynamic actuation.

In this experiment, the performances of the above propriocep-
tion methods based on air pressure signals and optical wave-
guide signals were comparatively analyzed under MPPPA
actuation from 0� to 55�. The results show that the RMSE of
the bending angle predicted using the internal air pressure sensor
was 2.91�, whereas that obtained using the integrated optical
waveguide was only 1.00� (approximately 1.82%), confirming
the superior proprioceptive accuracy and reliability of the pro-
posed MPPPAs under dynamic and hysteretic conditions.

In summary, these results demonstrate that the proposed
monolithically 3D printed pneumatic proprioceptive actuator
exhibits excellent actuation performance and superior pro-
prioceptive sensing capability. In the following section, we

FIG. 4. Monolithically printed proprioceptive actuator and its proprioceptive performance. (A) Overall structure and com-
ponents of the MPPPA. (B) Sliced and printed MPPPA (scale bar: 5 mm). (C) Long-term airtightness performance of the
MPPPAs. (D) Experimental setup used for calibration and testing of the actuator’s proprioceptive sensing. (E) Deformation
behavior of three MPPPA samples with identical printing parameters under pneumatic actuation. (F) Calibration curve dem-
onstrating the relationship between actuator deformation and waveguide-based sensing signal. (G) Soft actuators inherently
exhibit hysteresis during actuation cycles. (H) Comparison between pressure-based sensing and waveguide-based propriocep-
tion. (I) Proprioceptive response of the MPPPA under continuous step-pressure inputs.
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further investigate practical applications to fully exploit its
integrated sensing functionality.

Demonstrations on surface contour and gripping
width measurement

In this section, the highly integrated, self-sensing MPPPA
is first employed for surface contour measurement to demon-
strate its proprioceptive sensing capabilities. As shown in
Figure 5A, the experimental setup consists of the MPPPA
bending to press against the target surface, while a motor-
driven horizontal stage enables it to slide along the surface
and detect its contour (Supplementary Movie S5). The model
underlying this setup is illustrated in Figure 5B, where the
bending of the MPPPA is approximated as a constant-
curvature deformation. Based on this assumption, the surface-
contour reconstruction model leveraging the MPPPA’s pro-
prioceptive sensing capability is provided in Note S4. In this
model, s = 86.5 mm is the length of the actuator’s constraint
layer, h is the bending angle, r is the corresponding bending
radius, y0 25.5 mm represents the initial offset distance
between the MPPPA and the surface in our experimental
setup. Consequently, by continuously recording h as the slid-
ing distance x increases, the complete surface contour can
thus be measured.

The initial installation vertical position of the MPPPA tip
was y0 = 25.5 mm. According to Equations (S4–S6), when
the MPPPA bends by 34.84� under an actuation pressure of
199.6 kPa, its tip just contacts the target surface. To ensure
stable contact during the scanning process, the MPPPA was
inflated to 200 kPa and then sealed for all three surface con-
tour detection trials.

During the experiments, the MPPPA and its mounting
platform were driven to move horizontally at a constant
velocity of 3 mm/s. As the actuator slid over the target sur-
face, its bending angle varied in response to the surface
height and contact force. These variations were captured by
the embedded optical waveguide sensor in real time, ena-
bling reconstruction of the surface contour. The horizontal
displacement and corresponding sensing signals were simul-
taneously recorded and used for quantitative surface contour
reconstruction.

This measurement was conducted on five surface samples
representing three distinct geometries, including arc, slope,
and sawtooth shapes, and maximum heights of 3 mm, 1 mm,
and 0.5 mm, respectively (Supplementary Fig. S23), using
the setup shown in Supplementary Figure S24.

Figure 5C presents three measurement results, which
include both the reference surface contours of the target
objects (blue curves) and the experimentally reconstructed
contours (red curves). For the surface with a height of 3 mm,
the reconstructed and reference curves show good agree-
ment, indicating high reconstruction accuracy. Specifically,
the arc-shaped surface, composed of three continuous arcs,
achieved an RMSE of 0.16 mm. For the sloped surface, mea-
surement accuracy decreased near the sharp corner around
x = 100 mm, leading to an overall RMSE of 0.33 mm. For
the 3 mm high sawtooth surfaces, which contain nine saw-
tooth features, the overall contour was captured but with
larger deviations, resulting in an RMSE of 0.48 mm.

Finer surface contours were also evaluated, including saw-
tooth structures with heights of 1 mm and 0.5 mm, as shown in

Figure 5D. The former consisted of 25 sawtooth units, and the
latter of 50 units. The results show that although the MPPPA
could still capture the general shapes of these finer features via
proprioceptive sensing, deviations were more pronounced. The
RMSE values for these tests were 0.27 mm (27%) and
0.12 mm (24%), respectively. These increased errors are partly
attributed to the rounding of sharp corners on the test surfaces,
which were also produced by 3D printing with PLA material.

To further explore the application potential of the proposed
MPPPAs, we assembled two actuators into a soft propriocep-
tive gripper, as illustrated in Figure 5E. By leveraging the
integrated proprioceptive sensing capability of the MPPPAs
and Equation (S6), the gripper can estimate the fingertip grip-
ping width d using the Equation (S7) in Note S4.

Based on the gripper geometry and Equation (S7), when
each MPPPA bends by 48.02� under an actuation pressure of
244.01 kPa, the fingertip width becomes d = 0 mm. To
ensure continuous contact between the gripper and the target
object during the entire experiment, each MPPPA was
inflated to 250 kPa and then sealed.

During the experiment, the target object and its mounting
platform moved horizontally at a constant velocity of 1 mm/s.
As the gripper slid along the object surface, its fingertip angle
varied in response to the local surface height and contact force,
as shown in Supplementary Figure S25. These variations were
captured in real time by the embedded optical waveguide sen-
sors, enabling reconstruction of both the object width and con-
tour. The horizontal displacement and corresponding optical
sensing signals were simultaneously recorded for quantitative
shape and width reconstruction.

The experimental results are presented in Figure 5F, which
show that the proprioceptive data successfully captured both
the object contours and the gripper’s dynamic gripping width.
As illustrated in the figure, the overall shapes and widths of
the pen and the bit (blue curves) were well reproduced by the
proprioceptive gripper (red curves). The reconstructed width
profiles achieved an RMSE of approximately 0.68 mm for
the pen (about 6.8% of its maximum width) and 0.53 mm for
the bit (about 8.4% of its maximum width).

However, as shown in the two error plots at the bottom of
Figure 5F, some localized deviations remain, particularly at
discontinuous width transitions along the object surfaces. For
instance, the maximum reconstruction error reached approxi-
mately 2.25 mm at the step region of the pen and 2.78 mm at
that of the bit. These errors primarily arise because the pro-
prioceptive actuators cannot instantaneously adapt to abrupt
changes in surface geometry during motion, leading to tran-
sient discrepancies in the reconstructed profiles.

Overall, by utilizing proprioceptive feedback from the
embedded optical waveguides, the compact and rapidly fabri-
cated gripper effectively detects object shapes and contours,
demonstrating strong potential for broader applications in
dexterous grasping and object recognition.

Discussion and Conclusions

This article presents a design and fabrication method to
MPPPAs that integrate actuation and sensing capabilities
within a single soft body, inspired by the structure and pro-
prioceptive mechanism of human muscle tissue. By leverag-
ing the multifunctional properties of a single TPU material,
specifically its flexibility, fusibility, and translucency, we
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successfully fabricated airtight actuator chambers for reliable
motion generation and embedded optical waveguides for
proprioceptive sensing, using a conventional desktop-level
FDM printer. The proposed monolithic design fundamentally
avoids issues caused by mismatched mechanical properties
in multimaterial integration and ensures continuous struc-
tural integration between actuation and sensing regions,
thereby maintaining synchronized deformations and enhanc-
ing overall robustness.

To realize integrated actuation and sensing, we systemati-
cally investigated 3D printing airtight chambers, showing
that optimizing printing parameters can significantly reduce
internal porosity. Specifically, by decreasing the layer height
to 0.1 mm and increasing the extrusion flow rate to 110%,
the printed chambers achieved a dense internal structure
entirely free of air holes, as confirmed by SEM imaging.
These chambers maintained high internal pressures, retaining
462.55 kPa after 10 min from an initial 500 kPa, correspond-
ing to only a 7.49% pressure drop, demonstrating excellent
airtightness and reliable actuation capability. We then

explored the fabrication of optical waveguides using the
same TPU material by leveraging its inherent flexibility and
translucency, along with optimized toolpaths and printing
parameters. Experimental results demonstrated that incorpo-
rating parallel air holes adjacent to the optical waveguide
significantly reduced light attenuation, thereby enhancing
transmission efficiency. The fabricated optical waveguide
sensor exhibited stable signal output over 5000 consecutive
bending cycles at 4 Hz, with a minimal signal drift of only
0.4% over time, confirming its robustness and reliability for
real-time proprioceptive sensing feedback.

Building on the development of 3D printed chambers and
optical waveguides, we then achieved the monolithic fabrica-
tion of MPPPAs through a single uninterrupted printing
process using a single material by means of an integrated
actuator-sensor design and parameter optimization. Mechanical
tests confirmed high structural integrity and mechanical robust-
ness of the monolithically printed actuator-sensor region, with
a measured peel force of 93.96 N and tensile strength of 42.95
MPa. The resulting MPPPAs exhibited excellent actuation and

FIG. 5. Demonstrations of the surface contour reconstruction and gripping width measurement. (A) Experimental
setup for surface contour reconstruction. (B) Schematic illustration of the sensing model for three types of surface con-
tours. (C) and (D) Reconstructed sensing results for surfaces with roughness amplitudes of 3, 1, and 0.5 mm, respec-
tively. (E) Structure of the proprioceptive gripper composed of two MPPPA units. (F) The proprioceptive gripper
measures its gripping width and the surface contours of two objects.
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sensing performance, with an average leakage rate of approxi-
mately 0.68% every 10 seconds under 500 kPa, and a proprio-
ceptive sensing error of less than 1.82% during actuation. This
highly integrated, proprioceptively stable, and easily fabricated
MPPPA was employed in a surface measurement demonstra-
tion, achieving RMSE as low as 0.16 mm for arc-shaped surfa-
ces with heights up to 3 mm, and 0.27 mm for sawtooth
surfaces with heights up to 1 mm. Furthermore, two MPPPAs
were integrated into a soft proprioceptive gripper, demonstrat-
ing its capability for real-time estimation of gripping width and
accurate object contour detection.

These experimental results prove that the proposed MPPPA
enables the efficient fabrication of compact pneumatic proprio-
ceptive actuators with stable mechanical and sensing integration.
This approach paves the way for advancing soft robotic systems
featuring enhanced proprioceptive capabilities alongside stream-
lined manufacturing processes.

Future work will focus on further integrating and expand-
ing the multimodal capabilities of both sensing and actuation
within MPPPAs to realize a fully unified multimodal pro-
prioceptive actuator. We will also systematically investigate
and optimize printing parameters to achieve complete air-
tightness of the actuators under high-pressure conditions.
Moreover, leveraging the stable proprioceptive feedback
from MPPPAs, we aim to develop advanced closed-loop
control algorithms to enable intelligent and precise robotic
motion and interaction. Ultimately, these efforts will facili-
tate the deployment of MPPPAs in intelligent soft robotic
systems capable of adaptive and autonomous operation in
complex, unstructured environments.
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