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Abstract—In the practical implementation of soft robots,
accurately tracking the deformation of links (or joints) is
crucial for obtaining proper control. Therefore, there is a
need for lightweight, durable, and cost-effective solutions to
monitor the movement of soft segments. This study proposes
sensor-equipped flexible joints capable of measuring the
angle between the segments of a robotic finger, considering
pure in-plane bending. Initially, these joints were simulated
to assess their mechanical behavior and the feasibility of
accommodating strain gauges to measure differential strain,
which correlates with angle measurements. Based on the
simulation results, three types of sensor-equipped joints with
distinct mechanical properties were developed. These joints
were characterized in terms of angle measurement accuracy
and durability. The experimental evaluation assessed that
maximum error, compared to an accurate reference angle
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measured using a MEMS accelerometer, was less than 1.5°. Durability tests demonstrated that joint performance
remained stable over more than 3500 bending cycles, during which the joints were bent up to approximately 65°; the

measured angle drift remained below 2°.

Index Terms— Human-robot interaction, sensors, soft robots.

. INTRODUCTION

OFT robots exhibit distinctive characteristics when com-

pared to their rigid counterparts, since they employ
hyperelastic materials, including polymers, rubber, silicone,
and other flexible components [1], [2], [3], [4].
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Moreover, softness offers several advantages, including
intrinsic safety and exceptional versatility, making robots
capable of performing a wide range of tasks. For example,
in human-robot interaction, soft robots can safely collaborate
with humans. In delicate object manipulation, they can handle
fragile objects without causing damage. Particularly, in assis-
tive and rehabilitation scenarios, soft robots can be used for
tasks like providing physical support or aiding in movement
therapy.

The integration of proprioceptive and tactile sensing can
greatly enhance soft robot abilities to sense and respond
to various physical factors. However, fully equipped devices
are still limited and there is significant room for improve-
ment. For instance, soft robots can be significantly enriched
by incorporating proprioceptive and tactile sensing capabili-
ties, encompassing measurements of strain, pressure, bending,
twisting, and other physical parameters [5]. Even if multiple
technologies have been proposed in research [6], [7], [8],
there is still significant ongoing research aimed at improving
performance, especially in terms of accuracy and stability.
With specific regard to proprioceptive sensors, specifically
aiming at measuring the curvature of robot components,
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(b)

Fig. 1. Representative use case of using the RSF. (a) User wearing an
RSF. (b) Detailed view of the finger used for grasping a bottle of water.

those proposed in the literature are usually based on “soft
technologies” including low modulus (less than 1 MPa)
elastomers with liquid-phase material filled channels and
resistive, capacitive, or inductive reading [9] stretchable con-
ductive materials, elastomeric conductors, which consist of
elastomers loaded with conductive micro/nano particles/wires,
such as silver nanowires, silver particles, carbon nanotubes,
and graphene, piezoelectric polymers, and so on [10]. Unfor-
tunately, these sensing technologies have a limited lifespan
and poor reliability.

Despite the common assertion that the deformable nature
of soft robots or wearable robot components limits the use
of conventional sensors (e.g., encoders, strain gauges, etc.)
[11], accurate designs and the use of multiple materials or
composites can adapt some of these established technologies to
provide accurate and reliable measurements for some specific
applications [12], [13].

In this work, we focused on a silicone soft joint specifically
designed to enable bending in robotic fingers, used here
as a representative case. The joint studied is part of an
additional robotic finger, known as the robotic sixth finger
(RSF), which aims to restore grasping abilities in patients
with limited hand mobility due to paralysis or other motor
impairments [14], [15]. The RSF utilizes the same mechanical
principles as other soft hands and grippers like the devices
proposed in [16]. In Fig. 1, a user wearing the RSF and using
it for grasping an object is depicted. On the one hand, soft
robotic grippers offer several advantages over the rigid ones,
making them particularly suitable for various applications. Key
benefits include adaptability to the objects shape, intrinsic
safety, enhanced gripping capabilities, durability, and ease of
use in human-robot collaboration [17], [18], [19]. On the
other hand, deformable materials are challenging to model
accurately and predicting trajectories and link displacements
a priori in human-robot collaboration scenarios is difficult.
Effectively measuring intermodule forces and displacements
to optimize grasp performance remains an open topic.

With this work, we present the development, characteriza-
tion, and validation of flexible sensors for soft-robot joints
obtained by embedding metal thin-film or foil strain gauges
within the joints to measure their bending angle. The pro-
cedure here described was tested on a soft joint exploited in
multiple soft robots (e.g., the RSF (shown in Fig. 1) [15], [20]

and grippers [21], [22]) but can be easily extended to all the
silicone-based soft joints.

[I. STATE OF THE ART AND STATEMENT
OF THE PROBLEM

Soft joints inherently allow for bending and a wide range of
other deformations. This versatility is both an advantage and
a limitation. While it enhances the adaptability of soft robots,
it complicates precise control. In the context of applications,
such as manipulators or the “sixth finger” for grasping tasks,
the primary requirement is to limit joint movement to achieve
pure bending. This could be achieved by designing specialized
structures that encourage such constrained motion [23], [24].

In general, accurately sensing the state of a soft joint
deforming freely is nearly impossible without implement-
ing multiaxis or multimode sensing systems. However, these
solutions bring substantial challenges in terms of connection
complexity and integration. Therefore, in our case, we focus
on measuring only 1-D bending, where the joint follows a con-
trolled planar trajectory. This approach reduces the complexity
and enhances reliability, providing a practical proprioceptive
solution within the application of interest. The straightforward
approach for measuring bending focuses on integrating flexible
strain sensors [25], [26], which must adapt to joint functions.
Strain sensors for soft components are often based on struc-
tures capable of withstand very large deformation, such, for
instance, those that incorporate flexible microchannels filled
with conductive fluids, where deformation changes the cross-
sectional area, modifying electrical resistance and enabling
precise strain measurements [27].

Another method involves using biocompatible solutions,
such as sodium chloride, within soft channels to measure
stretching while remaining safe for applications in contact with
biological environments [28].

While these methods provide high customization and can
be tailored to various soft robotic shapes, they often come
with complex manufacturing requirements that impact sensor
durability and performance stability.

Optical fibers represent another promising route for mea-
suring deformation, as shown in studies where they capture
bending, elongation, and compression within soft mod-
ules [29]. The fiber Bragg grating (FBG) technology, for
instance, offers highly accurate measurements of force and
shape [30]. However, the specialized equipment needed to
interpret FBG data can be prohibitively expensive and com-
plicated integration into modular systems. Hall-effect sensors,
which sense proximity to magnetic sources, also offer non-
contact measurements of curvature with high precision, but
they are sensitive to interference from nearby electromagnetic
fields, limiting their use in certain environments [31].

As an alternative, resistive metal strain sensors provide a
cost-effective and compact solution. Among these, the so-
called “flex” sensors, also available as commercial solutions,
have often been proposed for soft robotics [32], [33], [34].
Commonly used in wearable devices, these sensors rely on
flexible substrates coated with conductive ink withstanding
very large deformations. Bending the sensor stretches the ink
layer, which causes conductive particles to move and modify
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the resistance. In these sensors, it is primarily the substrate
that deforms, while the internal structure of the conductive
materials responds nonlinearly to the deformation. This change
in resistance, directly related to the bending, allows for
measuring one-directional curvatures without compromising
flexibility [32]. However, these sensors suffer from signal drift
over time and limited performance in dynamic conditions [32].
They have often a nonlinear and low sensitivity at small angles
(below 30° or 45°) [32], [33], [34], which is problematic
for applications, such as robotic joints of the sixth finger
for grasping purpose, where small angles dominate. In any
case, the issue of coupling the resistive sensor with the soft
joint is an open problem, whose solution is often related
to the specific application. Ensuring proper adhesion without
introducing creep and securing effective mechanical coupling
remains a challenge, as does guaranteeing stable and durable
electrical contacts.

The solution proposed in this article is similar to other
approaches based on embedded flex sensors [34]. Our
approach differs by employing traditional metal strain gauges
based on thin-film or foil technology produced through precise
thin-film deposition or etching techniques. In these sensors,
the metal layer has an ordered and controlled microstructure,
which gives the sensor predictable and repeatable behavior,
allowing for precise strain measurements designed to work
in the linear elastic regime, meaning they can measure small
deformations, typically up to 1%—2% strain. Notwithstanding
these measurement range limitations, positioning them near the
neutral axis of the bending joint mitigates the issue, enabling
them to operate effectively within the small deformation range.
As a result, the sensing structure achieves a stable, precise
linear response. Additionally, our proposed solution addresses
the challenge of ensuring a stable mechanical coupling with
the silicone joint, and specific sensor positioning enhances the
durability of the electrical contacts.

[1l. JOINT CHARACTERIZATION

In the development of flexible joints for soft robot applica-
tions, hyperelastic materials [1], [2], [3], [4], such as silicone,
are commonly used. For realizing sensor-equipped flexible
joints, the goal is to embed thin-film or foil strain gauges
within the joints to measure their curvature. A simulation
study was conducted to evaluate the strain distribution across
the deformed joint, focusing on how the embedded strain
gauges respond to bending. The objective of this study was
to simulate the deformation behavior of the embedded sensors
under conditions that closely replicate real-world applications.
In this context, a preliminary analysis of mechanical properties
and elastic/viscoelastic behavior of materials used in the joints
is crucial to accurately predict the performance of the strain
sensors and ensure the proper functioning of the joints once
they are constructed.

A. Material Characterization

In this article, the Mooney—Rivlin model was used for
simulating hyperelastic material behavior due to its versatility
and accurate predictions for various materials, including rub-
ber and polymers, in very different loading conditions [35],

[36], [37], [38]. The generalized Mooney—Rivlin model relates
the strain energy density function to a linear combination of
invariants of the deformation tensor and J, the determinant
of the strain gradient tensor by expressing the strain energy
density function W as a linear function of the first and
the second invariants I;, I, of B = (detB)~'/>B, which is
the unimodular compon_ent_of the Cauchy—Green deformation
tensor

N M
1
W = Z CPQ(A_S)p&—3)q+ZD_(‘]_1)2]71 (1)

p.q=0 m=1

where C,, are constants related to the distortional defor-
mations and D,, are the material constants related to the
volumetric deformations.

Since silicone rubber can be considered incompressible, the
last term in (1) can be neglected, and the first-order terms are
sufficient to describe the behavior.

Hence, (1) simplifies to

W =Cio(l; —3)+ Cor(I, — 3). (2)

In the case of uniaxial stress, the deformation is character-
ized by a principal stretch ratio (A). The other two principal
stretch ratios are equal to (1/ VA) due to the incompressibility
constraint.

As a result, the strain energy function is

2 1
W=CplA*+<-3)+Coul=+22-3). @
10( +7 )-i— 01(;LZ+ ) 3)

Therefore, for uniaxial tension, the stress o can be related
to the stretch ratio as follows:

1 C
0':2(1_?)(6‘104'%)' (4)

Equation (4) represents the uniaxial Mooney—Rivlin model,
which predicts the material stress—strain behavior under uni-
axial loading using only two constants.

These constants can be determined through simple exper-
iments, such as uniaxial tensile tests. The silicone-based
material used for fabricating the joints considered in this
study (Silicone R-PRO Fast, Reschimica, Italy) was tested to
determine the model parameters by conducting Shore A hard-
ness test and compression tests on cylindrical samples with a
diameter of 36 mm and a height of 10 mm. The measurements
of elastic and viscoelastic properties of the material are carried
out with a proper equipment designed to perform accurate
characterization of viscoelastic and viscoplastic polymeric soft
material, with 0.1 pm of resolution on displacement, and 5 mN
of resolution of force, as detailed in [39] and [40]. The test
was performed up to 50% of uniaxial compressive deformation
(reaching a maximum stress of 2 MPa). Moreover, a series
of 60 cycles of hysteresis loop, up to 45% of deformation,
confirm the stability of the elastic response, without evident
stress losses. The test speed, defined as the rate of mate-
rial deformation over time, was selected to align with the
operating conditions of the joints (0.21 mm/s, a strain rate
of 2.1.10~" s7!). The material showed typical behavior of a
neo-Hookean solid and the (apparent) Young’s modulus of the
material, increasing as a function of the strain range, can be
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Fig. 2. Engineering stress over strain; blue dots: measured values; red
line: uniaxial Mooney—Rivlin model fitting.

treated in terms of “differential modulus,” i.e., as 0 E/d¢g [41].
According to the value of Shore A hardness test [42], namely
Shy = 34, the corresponding Young’s modulus of the tested
material can be derived, yielding £ = 3.6 MPa [43]. This
value is compatible with the experimental (apparent) Young’s
modulus, determined in compression, within the strain range
between 0.3 and 0.4. Finally, experimental data show that,
once a static deformation of 50% is imposed, the stress rapidly
decreases in the first 30 s (namely, from 2 to 1.8 MPa, i.e.,
~10%), while a very slow stress loss occurs over long term.
In particular, by fitting the stress relaxation with the KWW
function, the calculated relaxation time is 7y = 2.5-10'0 s,
with the stretching exponent § = 0.13 in accordance with [44]
and [45].

This evidence allows guaranteeing the ability of the material
to keep the stored elastic energy for very long time (without
relevant losses) when subjected to large deformation. Once
confirmed the hyperelastic behavior of the used silicone-
based material, the experimental data of stress—strain test were
fitted with the uniaxial Mooney—Rivlin model defined in (4);
thereby, the model parameters Cy; and Cjy were retrieved.

Fig. 2 reports the least square fitting result (red line) com-
pared with the measurement results (blue dots). The overall
fitting root mean square error is lower than 2%.

To accurately determine the optimal sensor placement
within the soft joint, simulations were conducted on a typical
joint geometry, as shown in Fig. 3(a), where the joint has a
dog-bone shape with two ends designed for connecting to the
rigid parts. The joint has a width of 20 mm, a length of 17 mm,
and a thickness of 3 mm in the center region.

Additionally, the simulation study considered the configu-
ration used for experimental tests [shown in Fig. 3(b)], which
consists of two rigid parts (i.e., the phalanxes) and the joint.
One of the rigid parts is fixed horizontally, while a vertical
force is applied to the opposite end of the other rigid part
simulating a scenario where the force is transmitted through
a cord or tendon. The magnitude of the applied force was
chosen based on the typical force exerted by the motor used

(\\\\\\‘fa :
}\\\I\\l 1@\\|,h\|\\
5= 0/
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0

(@) DO

Fig. 3. Design and prototype of an SJ. (a) Design of the joint geometry.
(b) SJ during the evaluation process.
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Fig. 4. Behavior of the bending angle with respect to the applied force.
Comparison between real behavior and simulated one.

in real applications, such as in a prototype of a sixth finger,
specifically in the range 0-1.4 N.

As already mentioned, the objective of these simulations
was to identify the most suitable location for the strain
gauge sensors, ensuring they are both protected from potential
damage due to excessive strain and that the measurement
sensitivity is maximized.

Fig. 4 confirms that the proposed model accurately
describes the structural behavior, as derived previously. The
experimental results exhibit strong agreement with the simu-
lated data, particularly in capturing the relationship between
the applied force and joint bending.

The deformation within the joint under the maximum con-
sidered load was evaluated and is shown in Fig. 5, which
presents the equivalent elastic strain distribution in the bare
silicone joint with an applied force of 1.4 N. From the
simulations, it can be observed that in the middle region of
the joint, up to a thickness of about 300 pum, the strain is
approximately a few percentages, whereas the strain at the
surface of the joint exceeds 30%. Part of the strain results from
the stretching of the joint and part from its bending, meaning
that even the middle surface is not neutral and becomes
elongated due to the applied load.

This strain component is not relevant to measuring the
bending angle, nor to the operation of the joint, as in pure
bending the middle surface remains undeformed.
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Fig. 5. Equivalent elastic strain distribution in the bare silicone joint.
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Fig. 6. Strain gauges mounting on the substrate and bridge
configuration.

From this evaluation, it can be concluded that using
thin-film or foil metal strain gauges, which can only withstand
a maximum strain of 2%, could be problematic, even if they
are embedded near the middle surface of the joint.

V. SENSOR-EQUIPPED JOINT DESIGN

The issue highlighted in Section III, where the middle
surface of the joint becomes elongated during bending, can
be addressed by embedding a layered structure with metal
thin-film or foil strain gauges. This solution has a twofold pur-
pose: reducing joint elongation during bending and providing
support for thin-film strain gauges on polymeric substrates.
The structure consists of a thin, flexible yet rigid substrate,
onto which two metal strain gauges are bonded—one on each
side—enabling the formation of Wheatstone bridge configura-
tion. Positioned along the middle surface, where deformation
is minimized, the substrate spans the length of the joint,
supporting the strain gauges and limits elongation under
mechanical loads by modifying the joint overall behavior.

In other words, the layered structure employs a classical
approach for measuring bending, featuring two strain gauges
adhered to the top and bottom surfaces of the substrate,
configured in a half-bridge arrangement. As shown in Fig. 6,
these strain gauges are positioned at equal distances from the
middle surface on opposite sides. This setup enables accurate
bending measurement while minimizing the effects of residual
stretching, compression, and torsion and effectively rejecting
common-mode effects.

Using this configuration, with the bridge completed with
two resistors with the same resistance R as the strain gauges,

Upper strain

upper strain

Composite: line

Nylon mesh

+silicone thnlhyd b

rubber .
Lower strain

line
it Sensor (PVDF)

Silicone rubber Sensor (PVDF)

be line

Lower strain
L¢ line b

Fig. 7. Sensors positioning within the joint.

the sensing structure output is a voltage V), proportional to the
differential strain and related to the bending angle, which is
expressed as

( R(1 4+ Gey) 1) G
V=YV — )R Vi—(e —€)
2R+ RG(¢; +€,) 2 4

~ Vs f(0) )

where f(0) indicates a function of the bending angle 6, V; is
the bridge supply voltage, V is the bridge output voltage, G
is the gauge factor of the strain gauges, R is the resistance of
the undeformed sensors, and ¢, and ¢; indicate the strain of
the upper and lower gauge, respectively.

Nylon screen-printing meshes, with thicknesses on the
order of 100 um, were selected as substrates for the layered
structure [46]. The substrate material was subjected to tensile
testing using a laboratory test bench (F305-EME, Mark-10,
US) to assess its elastic modulus and an elastic modulus
of 621 MPa was determined from the linear fitting of the
stress—strain experimental data.

The simulation environment was exploited to estimate the
strain of the joint embedding the layered structure encompass-
ing the selected substrate and to evaluate the reduction of the
joint stretch.

The simulated layered structure is shown in Fig. 7, where
the substrate is modeled by a nylon mesh embedded in the
joint silicone material, whereas the strain gauges were modeled
using phenolic resin layers fixed to the nylon mesh. These
layers measure 7.4 mm in length (L,) and 4.4 mm in width
(be), which represent typical dimensions of commercial strain
gauges. Their thickness is set at 0.1 mm and includes the
adhesive layer used to attach the strain gauges to the substrate.
Therefore, the distance between the gauge grids (&) was
0.3 mm.

Fig. 8 highlights the elastic strain distribution within the
joint, emphasizing the effects of the embedded layered struc-
ture. As noticeable, the strain magnitude near the middle
surface is significantly reduced compared to the other regions
of the joint. Additionally, the overall strain values are sub-
stantially reduced when compared to those shown in Fig. 5.
To evaluate the elongation experienced by the sensors, simu-
lation results were exploited to determine the lengths of the
lines parallel to the joint axis on the surfaces of the mesh in
the deformed state at maximum bending.

Table I reports the obtained results, comparing them to the
elongation of lines at the same positions within a joint made
of bare silicone, which lacks the layered structure previously
described. The curve lengths [for a joint length of 17 mm and
sensors placed at the center of the joint as in Fig. 9(a)] are
calculated considering the maximum bending angle achieved
under the maximum load. In Table I, the strains €, (i.e., the
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TABLE |
SIMULATED ELONGATIONS AND STRAIN IN THE BARE SILICONE JOINT
AND THE JOINT EMBEDDING THE SENSING STRUCTURE

(2) (b) (©)

Fig. 9. Strain gauges positioning in different considered scenarios (the
drawing is not in scale). (a) Sensors paired in the middle of the joint;
(b) sensors paired at one end; and (c) sensors shifted and positioned at

the ends.
TABLE Il
STRAIN EVALUATION IN THE FOUR SCENARIOS, 1.4-N APPLIED FORCE
;SE; g;‘:; Differential Bending
Type Strain Strain Strain Angle
%) *) oo ©
A 2.50 -1.51 4.01 79.9
B 1.42 -0.45 1.87 79.5
C 1.46 -0.49 1.95 79.5

3.2 mm, with an applied force on the moving rigid part of

1.4 N.

Distance

Upper Lower . .
frqm the Upper Lower surface surface le{:lie:tlal
c middle line line strain strain

ase surface length length ey & €u-€1

D (mm) (mm) . (%)

() OB YOS
Silicone 0.05 17.82 17.38 4.85 2.22 2.63
Silicone 0.05 17.32 16.90 1.88 -0.61 2.49
+ mesh

average strain related to the upper elongated surface) and the
strain ¢, (i.e., the average strain of the lower compressed
surface) are reported. Additionally, the differential strain (e, —
€)) is detailed.

For the joint composed of bare silicone, the resulting
differential strain due to bending is 2.63% for an undeformed
length of 17.0 mm. However, the elongation of both the upper
and lower lines reaches 4.85%, which is caused not only by
bending but also by the concurrent stretching. On the other
hand, when considering the joint with the embedded sensing
structure, the simulation results (Table II, row B) show that the
maximum overall elongation is reduced to 1.88%, while the
differential strain decreases to 2.49%. Hence, the sensitivity of
the measurement is almost constant, and with the embedding
of the layered structure, the measurement full scale becomes
compatible with the target sensing strategy.

A. Strain Gauge Sensor Positioning

A detailed simulation study was also conducted to determine
the optimal sensor positioning on the substrate, focusing on
the differential strain.

Two additional sensors positions were considered with
respect to the one described in Section IV, as visually reported
in Fig. 9(b) and (c), all of which allow for the use of the
strain gauges in half-bridge configuration. Simulations were
performed to obtain strain values on the surfaces of the strain
gauges considering the gauge grid position and grid length of

Table II presents the simulation results in terms of strains
for the considered scenarios. It can be observed that the highest
differential strain (i.e., the greatest sensing structure response)
is obtained with the configuration shown in Fig. 9(a) (SJ A).
However, the strain on the upper sensor in this configuration
exceeds the sensor full range. The other two configurations
produce differential strains that are approximately halved and
strains within the full range sensor.

B. Prototyping

Nylon screen meshes (SMs) with different fiber densities
were tested as substrates for the strain gauges. Two encapsu-
lated strain gauges were glued to the top and bottom surfaces
of the SM at the positions described in Fig. 9.

The used strain gauges (BF350-3AA) feature constantan
alloy grids on modified phenolic resin backings, with a nomi-
nal resistance of 350 €2, temperature and creep compensation,
a grid size of 3.2 x 3.1 mm, and a backing size of 7.4 x
4.4 mm. The full-scale strain for these sensors is 2.0%. A cast-
ing mold was designed to optimally position the SM, allowing
for the integration of various substrate geometries [46].

The three considered sensor arrangements (sensor-equipped
joints SJ A, SJ B, and SJ C) are expected to exhibit varying
mechanical stability and durability of their electrical connec-
tions. In particular, referring to the sensor positioning reported
in Section III-A, case SJ A involves mounting the sensors in
the central part of the joint, placing the gauge connections at
the points of greatest flexion. In the other two cases reported
(SJ B and C), the connections are protected at the ends of the
joint and therefore not subject to flexion during movement.

In sensor prototyping, the choice adhesive for mounting the
strain gauge sensors onto the substrate is critical due to the
significant bending involved in strain measurement for this
application; the mechanical behavior of the adhesive directly
influences sensor response, affecting sensitivity, accuracy,
fragility, and durability, also potentially inducing creep. For
this reason, various types of adhesive compounds were tested.
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ELECTRICAL CONNECTIONS

Fig. 10. SJ prototype cutaway.

Two types of adhesives were found to produce reliable
and robust sensors: neoprene and cyanoacrylate. Neoprene
adhesive was selected for its high shear resistance. However,
as an elastomeric adhesive, it is susceptible to the Mullins
effect [47], [48]. In contrast, cyanoacrylate adhesive, which
is based on ethyl cyanoacrylate monomer, undergoes rapid
chain-growth polymerization in the presence of moisture
(especially hydroxide ions), forming strong bonds between
surfaces without exhibiting the Mullins effect. However,
cyanoacrylate adhesive has lower shear strength compared to
neoprene-based adhesives. Results from [46] show that sensors
using neoprene exhibit good sensitivity and high signal-
to-noise ratio, but they suffer from “creep” error, limiting
accuracy to about 3°. Therefore, the characterization results
reported in this article focus on sensors using cyanoacrylate
adhesive.

Different joints have been realized and exploited for exper-
imental validation. In particular, referring to Fig. 9, at least
two joints per different strain gauge positioning were realized.

In Fig. 10, we report a cutaway view of an SJ B sample. The
strain gauge mounting on the nylon mesh and the electrical
connection can be observed, with wires emerging from the
sides of the joint, near the support section, where the joint
is mounted to the rigid parts. This configuration allows for a
stable electrical connection between the strain gauges and the
conditioning electronics.

V. EXPERIMENTAL VALIDATION

The validation of the SJ prototypes was conducted using
an in-house designed automated test bench, which performed
both the calibration of the SJs and durability tests. This test
bench is depicted in Fig. 11.

More specifically, the test bench is designed to accom-
modate the same assembly used in the simulations: a joint
connecting two rigid parts fabricated using a 3-D printer. The
fixed rigid part is attached to a supporting structure, while
the moving part is actuated by a stepper motor through a
tendon-based mechanism using a nylon tendon.

To measure the tension in the tendon and, consequently, the
force exerted on the moving part, a precision force sensor
(Schunk FTN-Nano-17) was connected in series with the
tendon. The force sensor was used to verify that the force
exerted by the single SJ was in line with the specifications of
the drive system used and to interrupt the durability tests in
the event of a malfunction in the optical sensors used as limit
switches for the joint movements.

Stepper Motor

Fig. 11. Test bench, mechanical realization.

The stepper motor is controlled by a microstepping driver.
Two photoelectric proximity sensors are used to limit the
bending of the structure within a fixed angle range, prevent-
ing excessive mechanical load on both the fixed rigid part
and the cord. The moving rigid part embeds an accelerom-
eter (ADXL335B, Analog Device, USA) used to evaluate
the “reference bending angle” between the fixed rigid part
(vertical) and the moving one. Signals coming from the
reference accelerometer are acquired by exploiting a data
acquisition board (DAQ) (NI USB-6251) having a 16 bits
analog to digital converter (ADC) with adjustable input range
up to 10 V. As shown in Fig. 12(b), the output from the
sensing structure, generated by the resistive bridge composed
of two strain gauges and powered by an adjustable reference
voltage, is amplified using an analog front end (AFE). The
AFE consists of an instrumentation amplifier followed by a
gain stage to produce a suitable signal for the ADC embedded
in the DAQ and a low-pass filter. Specifically, the dynamics of
the conditioning electronics are adjusted to ensure a maximum
output signal of 10 V when the strain gauges in the bridge
are at full strain. A LabVIEW-based software application was
developed to acquire data from the DAQ, the force sensor, and
to communicate with the stepper motor driver.

In Fig. 12, the block diagram of the realized measurement
test bench is reported. This setup enables the acquisition of
signals from the SJs and correlates their responses with the
reference bending angle measurements obtained from MEMS
accelerometers. The arrangement allows for fully automated
tests, controlling the movement of the joint at a consistent
speed, which can be adjusted based on the specific test. This
enables both sensor calibration and durability testing at various
cycle speeds.

A. Calibration Procedure

The realized SJs, which have different strain gauge positions
according to Fig. 9 (SJ A, SJ B, and SJ C), were calibrated
to obtain the bending angle from the AFE voltage output.
The calibration was performed using the reference bending
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Fig. 12. (a) Block diagram of the test bench for signal acquisition and

processing, adopted both for calibrations and durability testing. (b) Block
diagram of the AFE.

angle measured by the accelerometer as the ground truth
and cyclically moving the rigid part from the rest position
(perpendicular to the plane) to a maximum bending angle of
65° and then back to the rest position. The calibration process
involved 100 cycles, with each cycle defined as moving from
the rest position to the maximum bending angle and back. The
calibration speed, defined as the rate of change in bending
angle over time, was set to 30°/s.

Only data corresponding to reference bending angles greater
than 30° were used for calibration to ensure sufficient accu-
racy of the reference angle (resulting in 1.2°). A first-order
polynomial function was used to fit the AFE output voltage
with the measured reference angle

Qj(vm,j) = P1,j Vm] + p2j- ©)

Equation (6) shows the fitting function adopted, where V,,, ;
represents the AFE output voltage for the jth SJ and 6; the
measured reference angle estimated with the accelerometer.

The performance of the other SJs (A-C) is very similar in
terms of linearity, hysteresis, and overall accuracy.

As an example, Fig. 13 shows the calibration curve for a
prototype SJ fabricated, as reported in Fig. 9(b). The blue dots
represent the measured data. The AFE voltage output is well
represented by a linear relationship with the bending angle
over the entire range, and the discrepancy for small angles is
due to the loss of accuracy of the reference angle.

Analyzing the results, we observed that the SJs present a lit-
tle hysteresis introducing errors lower than 1.5°. In Fig. 14(a),
the comparison between the angle measured by a calibrated
SJ B and the reference angle is reported. As can be noted
in the lower subplot, the absolute error between the two is
minimal, remaining below 2.5° in the entire range and below

70 T

e data
60 |- = fitted curve 7

50 |-

40 -

Reference angle (°)

20 |-

I I I I I I I I I I
-3 =25 -2 -15 -1 =05 O 0.5 1 1.5 2 2.5 3

Sensor output (V)

Fig. 13.  Calibration curve and experimental data for prototype SJ
realized as per Fig. 12(b).

80| ‘ ‘ —— Reference Angle —— Angle measured by SJ-B “ |
o 60? o
P /
= 40 7 il
<

|
00 4 22 24
Time (s)

Absolute error (°)

Time (s)

Fig. 14. Comparison between the angle measured by the SJ B and the
reference angle, after calibration (upper). Absolute error between the
measured and the reference (lower).

TABLE IlI
SJs PERFORMANCE COMPARISON AFTER CALIBRATION

Type Maximum Error (°) Root mean squared error (°)
4.89 1.73
2.83 1.00
2.52 1.08

1.5° for angles greater than 30°. Table III shows the errors
obtained by comparing the measured angle to the reference
angle after calibration for all SJ types over 100 bending cycles.
The overall performance is satisfactory, with RMSE values
below 2° for all configurations.

The calibration coefficients are consistent with the expected
values from the simulations. SJ A has approximately double
the sensitivity compared to the others, whereas the other SJ
types have similar sensitivity. The joint SJ C has a sensitivity
38.3 mV/° (with V; = 5 V and an AFE gain of 160).

In Table IV, we report the sensitivities for the three tested
SJ types together with the calibration coefficients for (6).
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TABLE IV

SJS SENSITIVITY AND CALIBRATION COEFFICIENTS

T Sensitivity Coefficient py; Coefficient p2,
ype
(mV/°) V) ©
A 823 122 354
B 352 284 36.7
C 383 26.1 37.8
0 T T T T T
2 “ E
—_ A
£ =
Eal £ j -
= /
6| 4
-8 L L ) L L
0 5 10 15 20 25

x (mm)

Fig. 15. Orange plot shows the simulated trajectory of the rotation
center; the red and the blue curves are the trajectory of points A and B,
i.e., the end points of the considered joint section (segment AB).
A’ and B’ indicate the same points in the deformed joint during bending.
The cross markers are the experimentally located rotation centers of
the same section (AB) for six different bending angles (ranging from
38° t0 90°).

Besides characterizing the bending angle measurement per-
formance, a study concerning how the positions of the centers
of rotation change during bending was conducted. Specif-
ically, the center of rotation of the joint section near the
end inserted into the movable rigid part was identified (see
segments A and B in Fig. 15) [49] along with the center of
rotation of the movable rigid part.

To evaluate how the centers of rotation move during bend-
ing, simulations were used, and the obtained results were
compared with experimental data obtained from analyzing the
photographs of the real joint on the test bench during bending.

The center of rotation of a section of the joint close to
the joint end (section AB in Fig. 15) moves from the middle
point of the joint along a curved path. For a constant curvature
flexible joint, the motion would follow a straight line [49],
away from the center, approximately following the trajectory
of the middle point during bending.

However, for the considered bending angles, the center
moves less than 1 mm along the y-axis and 0.5 mm along
the x-axis, so it can be approximately considered fixed during
bending, as depicted in Fig. 15.

On the other hand, the rotation center of the rigid movable
part follows a similar trajectory, but slightly larger, enclosed
in a box of approximately 1 mm per side.

The experimental data confirm the simulations results,
as shown in Fig. 15, where the experimentally determined
centers for six different bending angles are marked and super-
imposed on the simulated ones.

B. Durability Test

Each type of joint was tested for reliability. Specifically,
at least two specimens of each type were fabricated and tested
at a constant speed. The tests were conducted with a maximum
bending angle exceeding 65° and a speed of 50°/s. The speed

> ‘—aftcr 1000 cycles —— after 2000 cycles ‘
L 60F T y T T T T
2 A /\
3 /
8
I3
3 I
‘3 15 20 25 30
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Reference angle (°)

Fig. 16. Results of the durability tests for SJ B. Reference angle as a
function of time (upper plot). Bending angles measured by a calibrated
SJ B as a function of time (middle plot). Angles measured by SJ B versus
reference angles (lower plot).

was increased compared to normal operating conditions to
subject the joints to higher stress.

Each joint was calibrated according to the procedure
described in Section IV-A, and durability was evaluated by
monitoring the drift in the measured angle over multiple
cycles. As expected, although the performance of SJ A was
very good in terms of sensitivity and stability over short
periods, its durability proved unsatisfactory due to mechanical
stress on the electrical contacts. The average lifespan was a
few hundred cycles, after which failures occurred.

The other SJ configurations demonstrated durability, with a
lifecycle beyond 3500 cycles, and no critical failures occurred
during the tests. An example of the measurement results
obtained during the durability tests, which are very similar
for SJ B and SJ C, is shown in Fig. 16. This figure illustrates
the reference angle from the IMU (upper plots), the angle
measured using a calibrated SJ B (middle plots) as functions
of time, and the angle assessed by the SJ B as a function of
the reference angle. The blue lines represent data collected
after 1000 repeated cycles, while the red lines indicate data
acquired after 2000 cycles. It can be seen that the SJ behaves
stably and that the differences between data windows acquired
after 1000 cycles and after 2000 cycles differ less than 1°.

To quantitatively assess operational stability, the maximum
and minimum angles reached in each cycle were measured.
An example of this stability analysis is shown in Fig. 16 for
two SJ B prototypes (one mounted close to the end of the joint
supported by the fixed rigid part and the other at the opposite
side) and for one SJ C.

In Fig. 17, the outcomes of the durability test are reported.
The solid lines represent the maximum angle, and the dashed
lines represent the minimum angle (upper plots) as a function
of the test cycle number during the durability tests and their
drifts (lower plots), i.e., the deviations with respect to their
initial values. The drift experienced by both SJs is similar,
remaining below 2° over the course of 3500 cycles (as shown
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Fig. 17. Results of the durability tests for SJ B1 at the fixed end (blue
lines), SJ B2 at the moving end (red lines), and SJ C (black lines). Solid
lines indicate the maximum angle reached at each repeated test cycle
as a function of the test cycle number. Dashed lines show the minimum
angle reached in each repeated test cycle as a function of the test
cycle number (upper plot). Drift observed during the cycling process,
represented by the deviation of the maximum (solid lines) and minimum
angles (dashed lines) from their initial values (lower plot). The reported
experiments lasted at least 4 h of continuous cycling.

more clearly in the lower panel of Fig. 17). Notably, the most
significant variations occurred in the early stages of the test,
with the drift gradually decreasing as the test progressed,
suggesting that the mechanical assembly reaches a stable state
after extended use.

The SJ configurations proposed in Fig. 9(b) and (c),
which allow for a half-bridge configuration and minimize
the mechanical stress on the electrical contacts, provided
satisfactory durability and reliability. The gradual reduction
in drift indicates that prolonged usage helps stabilize the
sensor-equipped joints, potentially improving their long-term
performance. This suggests that after an initial break-in period,
the mechanical and electrical interfaces become more stable,
further enhancing joint performance during prolonged opera-
tions.

VI. CONCLUSION

This study investigated the operational stability and calibra-
tion of sensor-equipped joints under varying conditions. The
proposed solution of embedding a layered structure with metal
thin-film or foil strain gauges in half bridge configuration
effectively solves the problem of measuring bending angles
in robots embedding soft joints. The classical half-bridge
configuration utilized in this work provided accurate bending
measurements while reducing the influence of residual stretch-
ing, compression, and torsion.

The proposed sensing solution provides linear output and
allows for accuracy better than 2°. The analysis showed that
sensor performance remains stable with drifts staying below
2° throughout 3500 cycles. Notably, significant variations
were primarily observed in the early stages of testing, with
subsequent cycles revealing diminishing drift, thereby demon-
strating the suitability of these sensors in practical applications.

The SJ configurations B and C showed similar performance
in terms of sensitivity and, while the configuration with

TABLE V
DETAILS OF MATERIALS AND INSTRUMENTATION
Item Specifications
Silicone Silicone R-PRO Fast (Reschimica, IT), about 5 grams for each joint

3D printer In the proposed work we used a Formlabs v4 (Formlabs, US). Any

3D printer with comparable performance is fine

BF350-3AA (Youmile, RPC).
Sensitivity Coefficient: 2.0-2.20

GW Instek GPS-4303 200W (Good Will Instrument Co., TW),
followed by a voltage reference and equipped with an
instrumentation amplifier followed by gain stages (based on
instrumentation amplifier INA128 and OP177 amplifier)

DAQ NI USB-6251 (National Instruments, US)
Nema 17HS19-1684S (StepperOnline, US)
DM320T Stepper Motor digital driver (StepperOnline, US)

Strain Gauges Resistance: 349.8+/-0.1 ohm

Conditioning Electronics

Acquisition Board

Stepper Motor

Stepper Motor Driver

overlapping strain gauges is preferable because it ensures
better common-mode noise rejection, the alternative config-
uration, which distributes the strain gauges across the two
ends of the joint, may offer advantages in terms of contact
distribution and potentially more efficient wiring. Each setup
presents tradeoffs, with the choice depending on the priority
given to noise rejection versus wiring simplicity.

Overall, the findings suggest that the developed SJ configu-
rations are durable and reliable, with prolonged usage leading
to improved stability and performance. These results underline
the potential for embedding sensor-equipped joints in various
applications, paving the way for future research to further
enhance soft robot proprioceptive capability.

APPENDIX

In Table V, we detail the materials alongside the specifica-
tions of the materials and instruments used to fabricate and
test the proposed sensorized joints.
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