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Abstract

Soft robots have become increasingly popular due to their compliance, deformability, and adaptability. Soft
sensors, particularly bending sensors, play a crucial role in providing essential posture and position information for
these robots. However, current soft bending sensors encounter difficulties in accurately measuring joint bending
angles and directions under different curvatures. To address these challenges, we propose a novel dual-colored
layer structured (DCLS) bending sensor based on the optical soft waveguide. The DCLS sensor is constructed using
polydimethylsiloxane (PDMS) as the clear core, with red and blue layers on each side. The sensor’s performance is
evaluated through experiments involving bending, compression, and impact conditions. The DCLS bending sensor
exhibits excellent calibration-free properties, allowing it to effectively monitor bending angles and directions of
joints of varying sizes without requiring any additional calibration. The sensor is successfully integrated into various
soft robots, including a fruit sorting robot, a fish-inspired robot, and a hand orthotic exoskeleton robot, showcasing
its versatility and potential for different applications.
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INTRODUCTION

Soft robots are characterized by their compliance, deformability, and adaptability, allowing them to adapt to
complex environments and interact safely with humans and delicate objects. Notably, these soft robots have
found diverse applications in delicate object interactions"”, bionic manipulation®, assisting in human
rehabilitation' and surgical procedures, etc. Correspondingly, soft sensors assume a vital role in
facilitating perception for these robots, contributing significantly to their ability to sense and respond to
their surroundings. Specifically, soft bending sensors play a key role in detecting attitude changes, providing
essential posture and position information”. Achieving accurate self-shape perception and external
environment perception necessitates the seamless integration of soft robots and soft bending sensors"®”,
thereby ushering groundbreaking advancements that enable soft robots to adeptly execute precise and

delicate tasks!"**.

Soft bending sensors can be categorized into two distinct types: non-stretchable bending sensors and
stretchable bending sensors. The former is typically fabricated using inextensible substrate materials such as
polyimide (PI)"* and polyethylene terephthalate (PET)"*, which induce significant residual stress during
adaptation to bending surfaces. On the other hand, the latter employs deformable substrates such as soft
silicone**®
sensing units, including liquid metal'
smart materials respond to the strain on the sensor surface and generate variable electrical properties, such

|, leading to reduced residual stress. Both types of bending sensors utilize smart materials as their

17-19

l, soft sensitive polymers™~?, and piezoelectric material®*!. These

as resistance, conductance, electric charge, and capacitance. Notably, when the same joint is bent, the larger
the angle, the greater the change in the electrical signal. However, it is essential to acknowledge that, at a
constant degree of bending, the joint with a large radius experiences more substantial deformation to the
sensor. This phenomenon necessitates repeated sensor calibration whenever it is mounted on different
joints before use"™, posing a common challenge for both commercially available and research-stage soft
bending sensors. Furthermore, a notable limitation of most soft bending sensors based on smart materials is
their inability to distinguish bending directions . This arises from the generation of identical electronic
signal responses when the sensor is bent in positive and negative directions. Additionally, the smart
materials are sensitive to both pressures and bending, leading to unexpected pressure interference with the
bending measurement.

An optical waveguide is a structure that confines and directs light propagation along a predetermined path
using total internal reflection, consisting of a core with a higher refractive index than the surrounding
cladding or substrate. The soft optical waveguide exhibits remarkable characteristics, including high anti-
electromagnetic®™ and excellent extensibility”", making it well-suited for detecting bending signals and
facilitating widespread applications in soft robots and wearable devices™ . In this research, we present a
dual-colored layer structured (DCLS) bending sensor based on the soft optical waveguide [Figure 1A,
middle]. Red and blue lights are regulated via the dual-colored layers (red and blue). By capitalizing on the
light attenuation effect of dual-colored layers, the red and blue output light intensity can be adaptively
regulated during the bending process. Consequently, the bending angle can be accurately determined
through a light intensity difference algorithm, even for joints of varying sizes. Compared to conventional
bending sensors, the DCLS sensor can be directly applied to detect joints of various sizes without requiring
calibration, making it, for example, highly suitable for measuring a diverse range of joints in the human
body [Figure 1A, left]. Moreover, the variations in the light intensity difference of the DCLS sensor show its
capability to measure bi-directional bending angles without recalibration [Figure 1A, right]. Finally, the
DCLS sensors are applied in the soft sorting robots for processing agricultural products [Figure 1B, left],
fish-inspired robots for exploring the underwater world [Figure 1B, middle], and rehabilitation exoskeleton
robots for helping the disabled [Figure 1B, right] to validate their performance and capabilities.
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Figure 1. DCLS bending sensor based on soft optical waveguide for various potential applications. (A) Distinctive structure and features
of the developed sensor; (B) Potential applications utilizing the DCLS sensor: fruit sorting robots (left), fish-inspired robots (middle) and
exoskeleton robots (right). DCLS: Dual-colored layer structured.

METHODS

Preparation of the DCLS sensor

The polydimethylsiloxane (PDMS, Sylgard184, Dow Corning, USA) with a high refractive index (n = 1.41)
was purchased from the market and utilized to fabricate the clear core. The silicone (Ecoflex 00-10, Smooth-
On, USA) with a low refractive index (n = 1.40) was employed as the cladding layer material of the DCLS
sensor. A mixture of 30 mL Part A and 30 mL Part B was prepared and stirred uniformly at 25 °C for 3 min.
Subsequently, the mixture was poured into the molding. After the silicone was cured, liquid PDMS was
mixed with the curing agent at a ratio of 6:1 and stirred at 25 °C for 5 min. Simultaneously, a red colorant
(SO-Strong, Smooth-On, USA) was added to the PDMS-curing agent mixture. The mixture was then cured
at 80 °C for 12 h. In an analogous manner, the clear core and blue layer were fabricated.

Construction of the experimental setup for characterizing the DCLS sensor

The experimental setup consists of a basement, a stepper, and a swing arm. The basement and the swing
arm are fabricated using 3D printing technology (A8s, JG MAKER, China). The stepper is mounted securely
to the basement, with its rotating shaft connected to the swing arm. The DSCL sensor is installed within the
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swing arm. The stepper drives the swing arm to oscillate through commands sent by the microcontroller.

Construction of the test apparatus for testing accuracy and resolution of the DCLS sensor

The test apparatus was established, comprising a precision stepper (B6-BYGH156), a bending mechanism,
and a microcontroller (STM32F103RCTs, STMicroelectronics, Italy). The bending mechanism,
manufactured via 3D printing technology (A8s, JG MAKER, China), was designed with interchangeable
components to facilitate various bending radii. This feature enables the assessment of the angular
measurement accuracy of DCLS sensors across different curvatures. The microcontroller sends pulse signals
to the stepper, allowing for highly accurate rotational movements. This test apparatus was also utilized to
evaluate the angular resolution of the DCLS sensor.

RESULTS AND DISCUSSION

Working principle of the proposed sensor

As shown in Figure 1A, the DCLS bending sensor is composed of a soft optical waveguide, a light-emitting
diode (LED), and a chromatic detector. The waveguide comprises a light guide medium (including a red
layer, a blue layer, and a clear core) and a cladding layer. A broadband visible light source (350-770 nm,
5,700 K) is emitted by the LED at one end, coupled into the clear core and then uniformly refracted in the
light guide medium. The chromatic detector is located at the other end to sense the modulated light. To let
the light totally reflect in the optical waveguide, the light guide medium is fabricated using PDMS
possessing a high refractive index (n = 1.41), while the cladding layer is made of a flexible silicone material
exhibiting a lower refractive index (1 = 1.40). According to Snell’s law'*”, the closer refractive indices of the
clear core and cladding, the greater critical angle. Due to the limitations imposed by the material’s refractive
index, in order to achieve total internal reflection within the light guide medium, it is necessary to minimize
the incident angle of the light source as much as possible. Therefore, we use an LED with a slightly larger
emission area (> 3.5 mm x 3.5 mm) than the cross-sectional area of the clear core. This allows the light
emitted by the LED to enter perpendicularly to the cross-section, achieving the minimum incident angle
(detailed information can be found in Supplementary Texts 1 and 2, Supplementary Figures 1 and 2).

In this study, considering the dimensions of most soft robotic manipulators and aiming to adapt to the
applications in these scenarios, the design approach for the sensor size in this research is to simulate the
existing robotic manipulator dimensions and integrate the optical waveguide structure within it. This
integrated design and manufacturing method exhibit high integrability, avoiding the complex assembly
steps and assembly errors associated with traditional sensors that need to be assembled onto soft robots.
This method also saves space and reduces the size of the soft robot, which is fully applicable to most soft
robotic manipulators. Moreover, since the core components of the DCLS sensor include only micro LED
lights and on-chip chromatic detectors, it not only has significantly lower manufacturing costs compared to
traditional bending sensors but also offers a smaller size advantage. Theoretically, while maintaining
existing functionalities, the entire system’s size can be reduced to sub-centimeter levels, providing
possibilities for developing more finely detailed and microscale soft robots in the future.

The sensing principle of the proposed sensor is illustrated in Figure 2. When the DCLS sensor is in a
straight configuration, the input light propagates through the light guide medium via total internal
reflection [Figure 2A]. However, when the DCLS sensor undergoes bending along a rotational axis (where R
represents the bending radius and d signifies half the thickness of the sensor), disparate stretching occurs
across the upper and lower surfaces, as illustrated in Figure 2B. The stretching difference results in distinct
optical path lengths within the red and blue layers. The light intensity attenuation follows the Beer-
Lambert’s law!*:
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Figure 2. Sensing principle of the DCLS sensor. (A) Inner optical path in the straight state; (B) Inner optical path in the bending state; (C)
Spectra of the output light in the straight state (red lines), with clockwise bending (negative bending) (left) and counterclockwise
bending (positive bending) (right) by 90°; (D) 4P, and AP, indicate the rate of change in integrated power densities for the blue light
(440-480 nm) and red light (625-665 nm), respectively. DCLS: Dual-colored layer structured.

A =ecl (1)

where A is the absorbance of the light absorbance; e and ¢ indicate the molar absorptivity and pigment
concentration, respectively. [ is the length of either the red or blue layer. Since the absorbance A is
proportional to /, the elongation of the upper and lower surfaces of the sensor can be characterized by the
light absorbance of the red and blue layers, which results in different colors of the output light and thus can
be detected by the chromatic detector.

Figure 2C shows the spectral characteristics of bidirectional bending using the DCLS sensor. A visible light
beam is coupled to the soft optical waveguide, the spectrum of which is shown in Figure 2C (red lines) when
no bending is applied. It is observed that the power intensity mainly distributes in the blue regime (400-
480 nm) and red regime (620-760 nm). Upon clockwise bending of the sensor by 90°, stretching of the red
or blue layer induces spectral power variations. Notably, the red layer undergoes greater stretching than the
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blue layer, amplifying the attenuation rate (4P;) of the red light, as detailed in Figure 2C (left). Conversely,
following the same principle, an anticlockwise bend of the sensor by 90° induces a greater stretch in the blue
layer, consequently elevating the attenuation rate (4P;) of the blue light, expounded upon in Figure 2C
(right). Thus, the spectral absorption rates of the blue and red light can be quantified as

480nm 480nm
APg = f Sstraight(ﬂ')dl _f Sbending(ﬂ-)d;l

400nm 400nm

760nm 760nm (2)
APp = j Sstruight(ﬂ')dl - f Sb@”lding(;{)d)L

620nm 620nm

where d, is the wavelength of the output light; S, and S, indicate the relative energy density in the
straight and bending states, respectively. The bending angles and directions of the proposed sensor can be
directly obtained by calculating the differences of 4P, and 4P, when the sensor is bent (detailed information
can be found in Supplementary Text 3).

The sensor calculates angles based on the difference in intensity changes between red and blue lights. This
difference directly reflects the tensile strain on the upper and lower surfaces of the sensor. Tensile strain
differences only occur when the sensor bends, as bending causes differential stretching between the top and
bottom surfaces of the sensor. When the sensor undergoes axial stretching, the tensile strain rates on both
surfaces are consistent. According to the theoretical model presented in Supplementary Text 3, the bending
angle is 0°. Therefore, axial stretching does not affect the sensor. The calibration-free measurement
characteristic of the sensor is also based on this principle, as there is always a difference in tensile strain
between the upper and lower surfaces when the sensor bends. This difference allows for the direct
calculation of the bending angle using the theoretical model. Compared to traditional bending sensors, this
eliminates the need for a calibration process.

Characterization results of the proposed sensor

To characterize the DCLS sensor, a specialized experimental setup comprising a basement, a stepper, and a
swing arm is used for performance assessment [Supplementary Figure 3]. The experimental setup has a
bending radius of 15 mm. The swing arm, driven by the stepper, imparts lateral bending to the DCLS sensor
in both clockwise and counterclockwise directions. We first investigated the relationship between the
chromatic intensity difference (4S = 4P, - 4P;) and the negative bending angle with a bending radius of
15 mm. The absorbance of the red and blue lights is described in Figure 3A. During the bending process
from -90° to +90°, there is a significant difference in the rate of change of light intensity between red and
blue lights. This is because when bending from -90° to 0°, the red layer undergoes less stretching than the
blue layer, resulting in a longer optical path for blue light in the blue layer, leading to a higher rate of change
in the intensity of blue light compared to red light. Conversely, during the bending from 0° to 90°, the red
layer experiences greater stretching, resulting in a longer optical path for red light in the red layer, which
causes the rate of change in the intensity of red light to be higher than that of blue light.

To assess the signal hysteresis of the sensor under large-angle bending (0°-80°) that simulates practical
applications, the sensor was fixed in the same position and underwent repetitive cycles of bending, ranging
from 0° to 80°, conducted across 100 cycles. The bending radius of the sensor is also 15 mm. As shown in
Figure 3B, the hysteretic coefficients (E = 4m/y, where Am and y, represent the maximum hysteresis error
and scale, respectively) at the 1st, 50th and 100th cycles are all below 0.1%. This indicates the remarkable
restorative capacity of the DCLS sensor, even when subjected to a broad spectrum of bending.


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4052-SupplementaryMaterials.zip
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4052-SupplementaryMaterials.zip
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4052-SupplementaryMaterials.zip

Zhong et al. Soft Sci. 2025, 5, 3 | https://dx.doi.org/10.20517/ss.2024.52 Page 7 of 15

A B

3L 1 1 1 1 1 1 1.5 1 1 "
—a— Red Ligtht ——1  Cycle
{—o— Blue Ligtht ——50 Cycles
—a— Intensity Difference 1 ——100 cycles
o o "
- ~
% o
< 0.54
-1 T T T T T T T 0.0 T T v
-90 -60 -30 0 30 60 90 0 20 40 60 80
C Angle (degree) Angle (degree)
1.00 A A . .
—— Red Light
osd Blue Light

1
0 2000 4000 6000 8000 10000

D E

30 A 1 A 1 i L A 1 i A A r 300 o
10° Step Angle Error Value 2
5.0° StepAngle — - — Ground Truth s | 8§ mm Shaft hd
& 2.5° Step Angle s 1 5 mm Shaft 2
> ¥ e | s 12 mm Shaft £
g 20 | s 10 mm Shaft Py
5 ; . s Ground Truth )
@ 15410 degree L = <
= ] degree
2 104 1 2
2 t
54
< -
0=

0 5'0 1('10 1;':0 260 250 360 3.;)0 460 450
Time (s)

Time (s)

Figure 3. Characterizations of the DCLS sensor. (A) Absorbance as a function of bending angles for the red and blue layers; (B)
Absorbance hysteresis of the red layer in different bending cycles; (C) Absorbance tests for 1,000 dual-direction bending cycles; (D)
Angle sensing resolution of the DCLS sensor under three different step levels; (E) Bending angles under different bending curvatures.
DCLS: Dual-colored layer structured.

Since small-angle bending (0°-45°) is more common in practical applications of the sensor, it is necessary to
demonstrate stability during such bending. Therefore, to evaluate the durability of the proposed sensor, we
conducted nearly 1,000 bending tests on the sensor using a specialized experimental setup [Supplementary
Figure 4]. The bending radius of the sensor was fixed at 15 mm, with the bending angle gradually increasing
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from 0° to 30° and then returning to 0°. We recorded the signal response throughout this process to ensure
the accuracy and reliability of the data. Figure 3C shows the testing results at a time range of 10,000 s. The
insets offer detailed views of the signal within the initial, intermediate, and concluding ten cycles. As can be
seen, both the red and blue light signals exhibit stability and maintain near-synchrony. The root-mean-
square errors (RMSEs) calculated for the red and blue lights during the initial ten cycles and the concluding
ten cycles demonstrate values of 1.26% (red light) and 1.37% (blue light), respectively.

The resolution of the proposed sensor underwent further testing. The sensor was securely affixed to the
bending mechanism (with a rotation radius of 15 mm) using adhesive tape [Supplementary Figure 4]. The
operation of the stepper motor was controlled by pulse signals generated by a microcontroller, with each
pulse causing the motor to rotate by 0.5°. The step angles of the stepper motor were set by varying the
frequency of these pulse signals. The stepper motor induced incremental rotations at step angles of 10°, 5°,
and 2.5° respectively, and the stepwise signals of the corresponding sensor were observed. Consequently,
the sensor’s limit resolution can reach up to 2.5° as shown in Figure 3D. The negligible deviation observed
between the measured angle and the established ground truth confirms the high precision of the proposed
Sensor.

To validate the accuracy of the bending angle without calibration, the DCLS sensor underwent bending
around rotation axes with radii of 10, 12, 15, and 18 mm, respectively. The bending radius of the sensor is
the same as the rotating shaft radius of the test apparatus. The sensor underwent a 90° rotation by the test
apparatus. As depicted in Figure 3E, the DCLS sensor demonstrates consistent and reliable angle
measurements even when adapting to varying bending radii. To verify the universal application of the
DCLS sensor in different joints without calibration, a comparative experiment of three types of bending
sensors was conducted, including a non-stretchable sensor, a stretchable sensor, and the DCLS sensor
[Supplementary Movies 1 and 2]. The study evaluated their performance in measuring the bending angles
of wrist, elbow, and knee joints by employing distinct joint protective equipment tailored to each sensor
type (detailed information can be found in Supplementary Texts 4 and 5). Participants were instructed to
wear the equipment and bend their joints from a neutral state to a bending state of 30°. With only a single
calibration, the traditional non-stretchable bending sensor exhibited measurement errors of 5.2%, 22.8%,
and 43.3% for the wrist, elbow, and knee joints, respectively [Supplementary Figure 5A]. Meanwhile, the
stretchable bending sensor demonstrated measurement errors of 1.3%, 33.3%, and 183.3%, respectively
[Supplementary Figure 5B]. In contrast, the DCLS sensor recorded errors of less than 2% when measuring
the bending angles of the three distinct joints [Supplementary Figure 5C], demonstrating its superior
calibration-free characteristics and adaptability across diverse joint configurations. A comparison of the
experimental results of the three sensors can be found in Supplementary Figure 5D and Supplementary
Table 1. Moreover, Supplementary Table 2 also provides a comparison of the performance between
conventional optical waveguide-based bending sensors and DCLS sensor. More details can be found in
Supplementary Figures 6-8.

Finally, additional tests were conducted to evaluate the sensitivity of the DCLS sensor to impact and
temperature, and its tolerance to mechanical stress. The DCLS sensor was mounted on a fixed basement
and subjected to strikes of 40, 80, and 120 kPa via strike rod. The signal response of the sensor was observed
to fall within the range of [0.0, 0.05]. Furthermore, the signal response under impact was compared among
the proposed sensor and traditional flexible bending sensors [Supplementary Text 5, Supplementary Figure
9]. To further examine the pressure limit of the sensor, the sensor was mounted beneath a standard force
sensor (DY-920, DAYSENSOR, China), and pressure was applied starting from 0 to 1,000 kPa. The
experimental findings have ascertained that the withstand pressure level of the DCLS sensor, within its
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measurement range, is 1.6 x 10° dB/kPa. The results demonstrated that the maximum pressure level for the
sensor was determined to be 275 kPa [Supplementary Figure 10A, Supplementary Movie 3]. During impact
tests, we found that the DCLS sensor exhibits high insensitivity to external mechanical stress, indicating its
ability to withstand potential collisions or impacts during use.

To evaluate the temperature drift characteristics of the DCLS sensor, we placed the sensor in a constant
temperature chamber for testing. During the experiment, the temperature was increased by 5 °C every
30 min, and the changes in light intensity of red and blue light were recorded in detail. The experimental
results show that the temperature drift trends of red and blue lights are highly consistent. Through linear
fitting analysis, it is found that the change rates of red and blue light intensity are 0.0141/°C and 0.0142/°C
[Supplementary Figure 10B]. This study conducted a series of experiments and data analyses on the
performance of the DCLS sensor, revealing its exceptional stability and durability. However, there are some
issues that need attention. For example, as the ambient temperature increases, the attenuation of red and
blue lights in the light guide medium slightly intensifies. This phenomenon may be attributed to the
characteristics of the flexible materials used - as the temperature rises, the difference in refractive index
between the cladding and the light guide medium decreases, causing more light to leak out. To address this,
future research could consider using light guide medium with higher refractive indices, such as
polyurethane, and black silicone with lower refractive indices to further reduce the impact of temperature
variations.

DCLS sensor for soft robotic applications

Currently, there are few flexible sensors that are calibration-free. Therefore, we fabricated three distinct
types of soft robots: a fruit sorting robot, a fish-inspired robot, and a hand orthotic exoskeleton robot, which
were integrated with the DCLS sensor to demonstrate this characteristic. The study protocol was approved
by the Medical Ethics Committee from the Department of Psychology and Behavioral Sciences, Zhejiang
University, China (reference number: [2022]098), and informed consent was obtained from all participants.

Automatic fruit classification robots play a crucial role in agriculture by enhancing sorting efficiency and
significantly reducing labor costs*”. As illustrated in Figure 4A, we designed a pneumatic grasping robot
equipped with the DCLS sensor to grasp target fruits. The details of the design and fabrication can be found
in Supplementary Text 6 and Supplementary Figure 11. The robot comprises three pneumatic networks
(pneu-nets) actuators, each housing an airway and seamlessly integrating a DCLS sensor. The upper
segment of the pneu-nets actuator serves as an air chamber, while the lower section is sealed with a DCLS
sensor through an integrated casting method. The pneu-nets actuators can conform to the external fruit
surface when bent, facilitating efficient manipulation. Upon installation of the DCLS sensor on the robot,
recalibration is not required to detect the external surface curvatures of the robot’s pneu-nets actuator. This
capability assists the soft robot in discerning fruit sizes, thereby enabling rapid sorting decisions. Figure 4B
illustrates the sorting process of such a soft robot. Notably, the absorbance difference between the red and
blue layers exhibits an almost linear correlation with the curvature of fruit surfaces, inversely proportional
to the size of ordinary oranges. According to the curvature measured by the DCLS sensors, the fruit size can
be promptly recognized and then sorted using a threshold judgment [Supplementary Movie 4].

The fish-inspired robot serves as a pivotal tool in deep-sea exploration™*>*. Accurate detection of the tail’s
swing angle is imperative for precise control of this robot. As shown in Figure 5A, a fish-inspired robot
featuring multiple spines was crafted, incorporating the seamless integration of a DCLS sensor within these
structural elements. The details of the design and fabrication can be found in Supplementary Text 6. Within
the fish body, provisions were made to securely house essential components such as the battery, servo
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Figure 4. The DCLS sensor application in a fruit sorting robot. (A) Design of the pneu-nets actuator; (B) Sorting tests of the pneu-nets
actuator to grasp tangerines with different diameters. DCLS: Dual-colored layer structured.

motor, and microcontroller units. The swinging motion of the robot was meticulously regulated via tendons
linking with the servo. Notably, the DCLS sensor eliminates the need for recalibration to detect the tail’s
swing angle and direction. Figure 5B-D illustrates graphical depictions of the output signals and swing angle
of the fish-inspired robot at various frequencies and swing amplitudes, specifically at 30° and 2 Hz
[Figure 5B], 45° and 0.7 Hz [Figure 5C], 60° and 0.7 Hz [Figure 5D] [Supplementary Movie 5].

The soft hand orthotic exoskeleton robot, fabricated from elastomeric materials and actuated through air
pressure, demonstrates considerable promise for applications encompassing both rehabilitation and

[45

gripping assistance'*”. To achieve these objectives, the control strategy relies on employing sensory feedback
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(B) 30° and 2 Hz, (C) 45° and 0.7 Hz, (D) 60° and 0.7 Hz. DCLS: Dual-colored layer structured.

modalities such as bending angle or position. The details of the design and fabrication can be found in
Supplementary Text 6. This enables precise execution of intended motions and facilitates evaluation of
recovery progress. The system architecture of the exoskeleton robot is depicted in Figure 6A. The pneu-nets
actuator is designed in the same way as the soft sorting robot. Five pneu-nets actuators are used and
oriented in a palm-like distribution. To substantiate the sensor’s calibration-free capacity, an experiment
was conducted by inflating four pneu-nets actuators to achieve predetermined flexion angles. Figure 6B
demonstrates consistent bending angles across the four fingers, excluding the thumb. Notably, when placed
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on surfaces with joints of different sizes, other sensors of the same type must be calibrated to perform the
same task. Compared to existing soft bending sensors, the DCLS sensor can be used directly without
calibration to accurately sense the bending angle. To validate the directional sensing calibration-free
capability of the sensor in the hand orthotic exoskeleton robot, we conducted an experiment involving the
actuation of the wrist joint. After a volunteer wore the hand orthotic exoskeleton robot, the wrist actuator
assisted in both flexion and extension motions of the wrist joint. Without requiring calibration, the DCLS
sensor demonstrated the ability to discern bending direction variations, as depicted in Figure 6C.
Additionally, the signal stability of the sensor during routine use is also particularly important. We have
determined the variance for each sensor’s signal under these two scenarios (handshaking and knocking) by
analyzing the temporal data provided by the sensors [Supplementary Table 3 and Supplementary Movie 6].
Notably, the findings indicate that, for both cases, the variance measures for signals of all sensors are below
0.5. This outcome substantiates the robustness of the DCLS sensor within hand orthotic exoskeleton
robotics.

CONCLUSIONS

In summary, a novel DCLS bending sensor based on an optical waveguide is proposed and investigated in
this paper. The DCLS sensor can directly sense the bending angles and directions of robot joints of different
sizes without the need of recalibration. It exhibits good measurement accuracy, resolution, and repeatability.
Its sensing capabilities underscore its potential for integration into soft robotics. To showcase its
calibration-free characteristic, we engineered three distinct soft robots catering to diverse applications. For
the soft sorting robot embedded with the DCLS sensor, the sensor can directly measure the bending
curvature of the pneu-nets actuator without calibration, achieving automatic fruit sorting. Furthermore, we
have also successfully integrated this sensor into a fish-inspired robot and a hand orthotic exoskeleton
robot. The results collectively demonstrate the calibration-free characteristic of the sensor’s capability to
measure bending angles and directions. We anticipate numerous promising applications for the DCLS
sensor in various fields, including but not limited to human-machine interactions, clawing robotics, and
human motion monitoring.
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