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Abstract
The concept of soft robots has garnered significant attention in recent studies due to their unique capability to interact 
effectively with the surrounding environment. However, as the number of innovative soft pneumatic actuators (SPAs) 
continues to rise, integrating traditional sensors becomes challenging due to the complex and unrestricted movements 
exhibited by SPA during their operation. This article explores the importance of utilising one-shot multi-material 3D 
printing to integrate soft force and bending sensors into SPAs. It highlights the necessity of a well-tuned and robust low-cost 
fabrication process to ensure the functionality of these sensors over an extended period. Fused deposition modelling (FDM) 
offers a cost-effective solution for embedding sensors in soft robots, directly addressing such necessity. Also, a finite element 
method (FEM) based on the nonlinear hyper-elastic constitutive model equipped with experimental input is developed to 
precisely predict the deformation and tip force of the actuators measured in experiments. The dynamic mechanical test is 
conducted to observe and analyse the behaviour and resistance changes of conductive thermoplastic polyurethane (CTPU) 
and varioShore TPU (VTPU) during a cyclic test. The flexible sensor can detect deformations in SPAs through the application 
of air pressure. Similarly, the force sensor exhibits the ability to detect grasping objects by detecting changes in resistance. 
These findings suggest that the resistance change corresponds directly to the magnitude of the mechanical stimuli applied. 
Thus, the device shows potential for functioning as a resistive sensor for soft actuation. Furthermore, these findings highlight 
the significant potential of 3D and 4D printing technology in one-shot fabrication of soft sensor-actuator robotic systems, 
suggesting promising applications in various fields like grippers with sensors and rehabilitation devices.

Keywords  3D/4D printing · Multi-material printing · Soft pneumatic actuators · Soft sensors · Fused deposition modelling

1  Introduction

Soft pneumatic actuators (SPAs) function by introducing 
controlled positive or negative pressure into a sealed cham-
ber within a pliable structure [1]. These actuators can bend, 

twist, extend, or contract and the motions of SPAs can be 
monitored through sensors [2]. The response of the actuator 
to the pressure applied depends on both materials and the 
configuration of chambers. The geometric shape and distri-
bution of multiple materials in the actuator can be enhanced 
in a more comprehensive manner. In terms of the autono-
mous design of soft robots and actuators, optimizing design 
may prove advantageous [3–5]. Soft actuators provide a safer 
way to connect with rigid structures due to their pliability, 
allowing for natural joint movements during rehabilitation. 
Moreover, sensors assist in tracking the movement and regu-
lating the behaviour of SPAs [6]. SPAs are primarily utilized 
in the fields of robotics and biomechanics due to their ability 
to interact with delicate bodies and biological systems [7]. 
There are methods available for producing SPAs and soft 
sensors such as 3D printing and casting [8–13]. 3D print-
ing of soft components is a widely adopted manufacturing 
technology. Fused deposition modelling (FDM) is one of 
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the most utilized 3D printing techniques for producing soft 
products [14–17].

SPAs with integrated sensors are advanced systems that 
can adjust their posture, gripping force, and gripping shape 
based on the characteristics of the object they are grasping 
[18, 19]. They find extensive usage in a range of applica-
tions including medical rehabilitation devices, wearable 
gadgets, and soft robots [20–23]. SPAs can be fabricated 
using different materials, but the most common materials 
are flexible and pliable, such as elastomer and thermoplastic 
polyurethane (TPU). These materials provide the necessary 
compliance and flexibility that enable the SPA to deform 
and generate energy [24, 25]. On the other hand, soft sensors 
are devices that can detect and measure changes in pressure, 
strain, or temperature and convert them into electrical sig-
nals. Soft sensors are often integrated with SPAs to provide 
feedback on the deformation and motion of the SPA [26]. To 
fabricate soft sensors, conductive materials enable electrical 
signal transmission while electroactive polymers generate 
signals in response to mechanical deformation or pressure 
changes [27–30].

There have been studies proposing various designs and 
advancements of SPAs utilizing 3D printing technology [31, 
32]. Tawk et al. [33] utilized an affordable and open-source 
FDM technique to 3D print the fingers of a soft gripper, 
along with a mechanical metamaterial incorporating a pli-
able auxetic structure and compliant ribs. The outcomes 
revealed that the gripper could effectively grasp a wide 
range of objects with three different configurations consist-
ing of two, three, and four fingers. Also, Cheng et al. [34] 
developed centrifugal multi-material 3D printing to create 
a wide range of multi-material products. The 3D printing 
system allowed for the direct 3D printing of a SPA with 
integrated bending, pressure, and temperature sensors. The 
complete SPA could be produced in a single 3D printing 
process using five distinct polymers, including a stretchable 
elastomer, hard polymer, soft polymer, conductive hydrogel, 
and ionic conductive elastomer. The sensors responded con-
tinuously to changes in the actuators’ behaviour. Many com-
mercial 3D print materials offer a wide range of flexibility 
and hardness. Lalegani Dezaki et al. [35] utilized FDM tech-
nology along with bio-inspired lattice chambers to create 
SPAs using varioShore TPU (VTPU) material. This material 
offers several advantages, including variable shore hardness, 
density control, and a soft touch, which are highly beneficial 
for soft robotics applications [36]. The primary objective 
was to produce the possible softest sample, which held great 
significance in the field of soft robotics. By adjusting the 
nozzle temperature and material flow rate, they could change 
the material density. Also, the goal was to engineer SPAs 
that exhibited different behaviours for controlling tip deflec-
tion and tip force while using the same input air pressure. 
The study's outcomes show that lattice patterns govern the 

bending angle and produced force of the actuators. Addition-
ally, these lattices enhance the overall strength by regulating 
the contact area within the chambers. The research shows 
that these soft actuators exhibit different stiffness charac-
teristics and deformations under the same pressure levels 
ranging from 100 to 500 kPa.

Moreover, Gariya et al. [37] used a bending-type SPA 
that could generate bending energy based on the piezoe-
lectric effect. Their main goal was to create a new type of 
SPA that incorporates a piezoelectric membrane (SPA-P). 
The SPA-P was made by combining a flexible conducting 
polymer nanocomposite membrane with the silicone rubber 
body of the SPA. SPA-P exhibited a noticeable change in 
voltage when activated by pneumatic pressure. This voltage 
change could be used to provide feedback control for the 
SPA by correlating it with the deformation during bending. 
Moreover, Hohimer et al. [38] used multi-material FDM to 
print composites made of flexible TPU and multi-walled car-
bon nanotubes. The goal was to investigate the possibility 
of incorporating built-in sensing capabilities into soft robot-
ics. The study successfully demonstrated the built-in sens-
ing capabilities of the printed actuators through capacitive 
and piezoresistive sensing. These capabilities were shown 
to work effectively during gripping contact and actuation at 
different pressure levels. The results suggest that integrating 
various feedback sensors in robotic actuators through the 
FDM process has significant potential.

Due to the significant growth in the field of soft robotics 
and the development of innovative SPAs, traditional soft sen-
sors are inadequate for meeting the diverse range of motion 
capabilities required for practical applications. Sensors that 
are highly efficient, such as magnetoelastic and flexible induc-
tive sensors, have specific requirements and tend to be costly. 
These sensors may also need regular maintenance for their 
components [39, 40]. External optical sensors, such as cus-
tom-made cameras, are an alternative method for monitoring 
soft actuators. Nevertheless, their practical application may 
constrain the actuator’s motion and demand significant electri-
cal power to operate effectively [41].

The aim of this paper is the development of a cost-effec-
tive method for fabricating SPAs with built-in soft force and 
bending sensors, using multi-material FDM 3D-printing 
technology. The novelty of this study lies in the utilisa-
tion of one-shot multi-material printing to create SPA with 
integrated force and bending sensors. The objective is to 
investigate the feasibility of using a conductive material as 
a sensing element within the SPA, to monitor and control its 
performance. The addition of such sensors would enhance 
the SPA’s functionality, allowing it to provide more detailed 
feedback data, which can be used to optimize its behaviour. 
By using a conductive material that exhibits changes in resis-
tivity as a response to bending and applied force, the SPA 
can be effectively monitored and controlled. This approach 
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offers a low-cost and efficient method for incorporating sens-
ing capabilities into soft robotic systems. The topics covered 
include an exploration of the background of SPAs, consid-
erations for material selection, the process of designing and 
fabricating these actuators, experimental findings, simula-
tion of SPAs, mechanical properties, potential applications, 
and future directions for sensory device development.

2 � Materials and methods

2.1 � Materials

In this study, VTPU material supplied by Colorfabb is 
used as the main material for SPAs. Also, conductive TPU 
(CTPU) filaflex from Recreus is used for soft sensors. It is 
crucial to thoroughly investigate the material properties to 
achieve the desired softness in soft robotic actuators. The 
CTPU filament is a flexible filament that possesses electri-
cal conductivity, exhibits electrical resistance, and a shore 
hardness of 92A [42]. The material is made by incorporating 
conductive materials, such as carbon black, into the base 
polymer. The amount and type of conductive material used 
can vary, affecting the conductivity of the final filament. It 
is specifically designed for producing electrically conduc-
tive parts or components, making it highly suitable for the 
manufacturing of wearable devices and sensors [43].

2.2 � Mechanical properties

In order to gain insights into the mechanical properties of the 
VTPU and CTPU filament, mechanical testing is conducted 
on each material separately [44, 45]. The tensile tests allow 
for the validation of the sensor integrated with the VTPU 
matrix and a comprehensive understanding of the mate-
rial's characteristics. The behaviour of VTPU and CTPU is 
studied by conducting a uniaxial tensile test to analyse its 
stress-strain relationship. These samples are produced with 
the same printing parameters and longitudinal infill patterns 
as mentioned in Table 1. The tensile tests are conducted in 
accordance with the guidelines outlined in ASTM D412-16 
[46], which specifies the standard procedure for evaluating 
the tensile properties of plastics. During the tests, all the 
samples are stretched at a controlled rate of 500 mm/min 
using an electromechanical machine called the Shimadzu 
AG-X plus. The tensile test data are recorded and analysed 
using the TRViewX software.

To evaluate the mechanical and electrical behaviour of 
the sensor, CTPU is printed on the surface of VTPU strips 
with dimensions of 130 mm x 10 mm x 0.3 mm. The pro-
cedure and setup for the test are done based on previous 
reports to validate the results [24, 26, 47]. To avoid slippage 
during the tensile testing experiments, clamps are utilized. 

The CTPU response of the integrated strain-sensing ele-
ments is continuously monitored in real time. Due to the 
high resistive nature of the printed sensor, a two-terminal 
sensing mode is employed to examine its resistance. To 
ascertain the variation in the resistance value, the average 
result is computed using measurements obtained from three 
samples. The dynamic characteristics of the materials are 
examined through the implementation of a cyclic tensile test. 
This entails subjecting the samples to ten repeated cycles 
of stretching and releasing to evaluate their performance in 
dynamic scenarios. In the initial phase, the dynamic per-
formance of the printed VTPU and CTPU strips with inte-
grated sensing elements is assessed by conducting tests at 
strain levels spanning from 0% to 30% and 0% to 100% at 
a controlled rate of 200 mm/min. The strain and electrical 
resistance changes are constantly recorded using TRViewX 
and LabVIEW to detect changes in resistance while test-
ing is ongoing. The resistance starts to change by applying 
the tensile load to the strips. Thus, the strain and electri-
cal resistance changes are recorded using TRViewX and 
Keithley 2110 digital multimeter.

2.3 � Design and modelling

The design of SPAs plays a critical role in their performance 
and functionality. The design affects the overall actuation 
capabilities and provides housing for essential electrical 
components like sensors and power supplies. These com-
ponents can significantly impact the manoeuvrability and 
operation of the SPAs. Therefore, when developing a func-
tional SPA, it is crucial to consider variables such as the 
weight and parameters of these components.

Moreover, sensors play a vital role in soft robotics by cap-
turing the position and physical characteristics of soft robots 
at any given moment. These sensors enable the implemen-
tation of a closed-loop system approach, which is utilized 
to control the infinite degrees of freedom offered by soft 
actuators. By integrating sensors into the system, real-time 
feedback on the robot's position and physical state can be 

Table 1   Printing parameters of CTPU and VTPU

Printing parameters Material

VTPU CTPU

Bed Temperature (°C) 0 0
Nozzles Temperature (°C) 225 225
Nozzles Diameter (mm) 0.4 0.4
Wall Thickness (mm) 1 1
Infill Density (%) 100 100
Infill Pattern Zigzag Concentric
Material Flow (%) 100 100
Print Speed (mm/s) 25 25
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obtained, allowing for precise and responsive control of its 
movements. In this study, two types of sensors, bending and 
force sensors, are specifically designed. Flex or bend sensors 
are commonly employed to monitor and track the deforma-
tion of soft bending actuators. These sensors are designed 
to detect and measure the degree of flexure or bending in 
the actuator, providing valuable feedback on its shape and 
movement.

The bending sensor's thickness and design (Fig. 1a) 
make its performance better during SPA movement, 
while the force sensor (Fig. 1b) maximizes contact with 
objects. The design process explores how the number 
of nodes affects their deformation, making them flex-
ible for VTPU matrix integration, with evaluation based 
on area and node clearance. Sensors are designed with a 
2 mm thickness for better flexibility and easy bending. 
The area of force sensor nodes is carefully determined 
to maximize object contact, aiming for compact volume 

and sufficient clearance between nodes to find out pre-
cise force and bending measurement. Computer aided 
design software is used for the initial actuator and sen-
sor designs, as depicted in Fig. 1c. Additionally, Fig. 1d 
shows the 3D-printed SPA with sensors (method provided 
in the following section).

2.4 � Fabrication

Resistive sensors offer a flexible and cost-effective means of 
monitoring SPAs, but their performance can be affected by 
continuous deformation and mechanical wear. To tackle this, 
a viable solution is to fabricate resistive sensors simultane-
ously with the actuator using a multi-material FDM print-
ing approach. This integration within the actuator structure 
reduces the risk of mechanical damage, ensuring sensors 
remain functional during actuation.

Fig. 1   Design and details of 
3D-printed (a) soft bending 
sensor and (b) soft force sen-
sor. Design and details of (c) 
SPA base and assembled SPA 
with embedded sensors. (d) 
3D-printed SPA integrated with 
sensors
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The samples are designed to be multi-material 3D printed 
without the need for support materials or post-processing 
techniques. Cura software is employed to slice the models, 
and the SPAs are then 3D printed using VTPU and CTPU 
on an Ultimaker S3 FDM 3D printer. The study utilizes opti-
mal printing parameters, which are outlined in Table 1 and 
provided by the suppliers. To reduce material consumption 
during the printing process, additional support settings are 
not utilized. According to the previous study [35], the shore 
hardness of the material is determined to be 67 A when 
printed at a nozzle temperature of 220 °C. This specific 
printing temperature is selected for the VTPU during the 
experiment. The thickness of structures should be at least 
1 mm to avoid material drop or poor binding. It should be 
noted, the actuator's bending ability is significantly influ-
enced by gravity during fabrication. The supplier recom-
mended setting the bed temperature to 0 °C which is equal 
to room temperature (25 °C) to achieve better results during 
the printing process.

For the simultaneous printing of the two materials, the 
printing settings are largely kept similar. To achieve high-
quality design output, the infill patterns are adjusted to 
decrease printing issues arising from the use of multiple 
filaments. Additionally, the prints are oriented horizontally, 
with the largest surface in contact with the printing bed, to 
enhance stability during printing. Regular inspections are 
conducted throughout the printing process to eliminate print-
ing errors and accomplish satisfactory results.

2.5 � Control and measurement for SPA

SPAs are actuated using a Clarke air compressor (8 bar max 
working pressure). Airflow control is done through a basic 
gauge (pressure range: 100-300 kPa). Actuators are clamped 
horizontally, and data are recorded during the experiment. 
Resistance of sensors during deformation is measured with 
a Keithley 2110 digital multimeter. The Sauter FK100 
force gauge measures the applied force on the force sen-
sor. A timer is used to standardize the sequence of steps. 
These instruments played crucial roles in accurately moni-
toring and measuring pressure, resistance, and force in the 
experiment.

During the testing procedure, the engineering workbench 
LabVIEW is employed as a communication platform with 
the necessary instruments. A dedicated system as shown in 
Fig. 2a is developed to collect data periodically from the 
fabricated sensors. The force sensor used in the study is cali-
brated and measured using a Sauter FK100 force gauge. The 
calibration process involved applying various loads from 5 
N to 15 N to the sensor and monitoring the corresponding 
changes in resistance (see Fig. 2b). By establishing the rela-
tionship between the applied loads and the sensor's resist-
ance, the force sensor could accurately measure and quantify 

forces during the experimental testing. The Capstone soft-
ware measures the bending angle of the SPAs by recording 
their movement during the experiment. The procedure of the 
testing plan for all materials and SPAs is shown in Fig. 2c. 
By analysing the recorded data, it accurately quantifies the 
actuator's bending behaviour based on the input pressure. 
The resistance and time data are collected during the actuat-
ing procedure. For result reliability, the experiment is 
repeated three more times, and the average resistance is cal-
culated. This iterative process helps to validate the accuracy 
and consistency of the obtained resistance values. The rela-
tive resistance (Rrel) is calculated by R

rel
=

R−R
0

R
0

 and deter-
mined by measuring the resistance of the sensor (R) and 
comparing it to the sensor's initial resistance (Ro).

2.6 � Finite element analysis

In the simulation section, a pure mechanical analysis 
without sensing features is conducted. Testing in a single 
3D printing orientation is chosen since stress-strain curves 
showed similar patterns in both longitudinal and transverse 
directions. The constitutive model fitting focuses on the 
material printed in the longitudinal orientation due to the 
predominant stresses occurring in that direction during 
actuation. The Yeoh model is found to accurately capture 
the elastic behaviour of the material across a wide range 
of strains [48]. In this study, the longitudinal data obtained 
from mechanical testing is fitted to Yeoh's hyper-elastic 
model. The experimental data during the mechanical testing, 
specifically in the strain range of 0-5, is successfully fitted 
using this model finite element method (FEM) (see Table 2).

The stress-strain data from the tensile test are used in the 
simulation. The data is imported into ANSYS® software, 
and a mesh convergence study is conducted repeatedly until 
reaching a tip force and bending angle that closely matches 
the experimental results. This allows for a comparison with 
3D-printed actuators. The simulations focus on evaluating 
the structural behaviour and performance of the SPAs using 
static analysis. To mesh the models of the soft actuators, an 
adaptive meshing approach is employed using higher-order 
tetrahedral elements (10-node tetrahedral element) with a 
mesh size of 5 mm. The assumption is made that the mate-
rial of the actuators is isotropic and incompressible. The 
density of the actuator material is specified as 1.2 g/cm3. 
To accurately capture the behaviour of the actuators dur-
ing deformation, surfaces that come into contact are identi-
fied and treated as frictional self-contact pairs. The contact 
behaviour is modified to be symmetric, aiming to lower pen-
etration and achieve more realistic results.

The internal surfaces of the chambers within the actua-
tors experience a maximum pressure of 300 kPa, while the 
base of the actuators has a fixed support boundary condition. 
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Gravity is taken into consideration to obtain more precise and 
realistic results. Solid tetrahedral quadratic hybrid elements 
are employed to simulate all components of the actuators. 
The proximal ends of the actuators are subjected to a fixed 
boundary condition, indicating that they are fixed in place. To 

enhance computational efficiency, the inlets of the actuators 
are not considered, and instead, air pressure is directly applied 
to the interior walls of the cavities within the actuators.

3 � Results and discussion

3.1 � Mechanical testing

To gain a deeper understanding of the mechanical properties, 
the VTPU and CTPU filaments undergo tensile tests. The 
tensile tests are conducted in accordance with the guide-
lines outlined in ASTM D412-16 with a controlled rate of 
500 mm/min until samples break. Figure 3a illustrates the 
mechanical behaviour of VTPU and CTPU under the tensile 
test. Tests are repeated three times and average results are 

Fig. 2   (a) A schematic illustrat-
ing the configuration of the air 
control system incorporating 
both the force and bending 
sensors. (b) A diagram illus-
trating the procedure of force 
measurement. The force gauge 
is applied in a direction that 
maximizes the contact between 
the gauge and the force sensor, 
ensuring better interaction 
between the two. (c) Test plan 
for sensors and SPA

Table 2   Hyper-elastic models' strain energy function representation 
[49]

W is the strain energy density function. C10, C20, and C30 are material-
specific parameters, while I1 is the first deviatoric strain invariant.

Model Yeoh

Equation W = C10(I1 − 3) + C20(I1 − 3)2 + C30
(I1 − 3)3

Parameters C10 = 2.038, C20 = 0.039, and C30 
= 0.00057
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presented accordingly. The tensile specimens are subjected 
to stretching until they reach failure. According to the find-
ings, VTPU fractures after experiencing a strain of 300%, 
whereas CTPU fractures prior to reaching 300% strain. The 
elastic modulus and ultimate strength values obtained from 
the uniaxial tensile test for CTPU are approximately 31.3 
MPa and 7.1 MPa, respectively. Similarly, for VTPU, the 
elastic modulus and ultimate strength are around 30.7 MPa 
and 6.07 MPa, respectively. Upon comparing the data, it 
becomes evident that CTPU typically exhibits a slightly 
greater elastic modulus and ultimate strength in comparison 
to VTPU. This disparity can be attributed to the lower shore 

hardness of VTPU in comparison to CTPU. All specimens 
initially exhibited elastic behaviour with the graph showing 
a linear trend at low strain levels (up to 5%). However, this 
linearity is disrupted, and a nonlinear curve emerged until 
the yield point is reached. Beyond the yield point, strain 
hardening behaviour is observed, resulting in significant 
deformation without necking until the breaking point.

CTPU onto VTPU strips with dimensions of 130 mm 
x 10 mm x 0.3 mm are printed to evaluate the mechani-
cal and electrical properties of the sensor with the dynamic 
tensile test. In Fig. 3b, the result of the static tensile test is 
shown. Below 30% strain, there is an increase in the absolute 

Fig. 3   (a) Static tensile tests’ 
average results for VTPU and 
CTPU. The integrated strain 
CTPU within the VTPU strips 
provided sensor response data 
during (b) static tensile test 
(absolute value of resistance) 
and dynamic tensile testing 
across a range of (c) 0% to 30% 
strains and (d) 0% to 100% 
strains at a 200 mm/min rate
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value of relative resistance. After this first rise, the relative 
resistance falls. Later, up to 120%, the relative resistance 
rises slightly. The relative resistance increases noticeably 
as the strain is raised all the way to the fracture point. Also, 
we assess the dynamic performance of these printed strips, 
which include integrated sensor components. The testing 
involves altering strain levels between 0% and 30% and 
0% and 100% while keeping a constant speed of 200 mm/
min. In Fig. 3c, the dynamic testing results are depicted for 
VTPU and CTPU combinations created using a multi-mate-
rial FDM printer. When observing the sensor signal during 
the dynamic testing, it is evident that the relative resistance 
behaviour does not align with the applied strain. During the 
initial phase of the first cycle, as the strain increased up to 
30%, the relative resistance subsequently decreased. There is 
an inverse relationship observed between the relative resist-
ance and the strain. Specifically, as the strain increases, the 
relative resistance decreases, and conversely, when the strain 
decreases, the relative resistance increases.

In addition to the dynamic test conducts between 0% and 
30% strains, dynamic tensile testing is also carried out over 
a broader range, specifically between 0% and 100% strains 
(see Fig. 3d). As the strain increases from 0% to 100%, there 
is an initial decrease followed by an increase in the sensor 
signal. However, it is worth noting that a plateau is observed 
in the sensor signal during this testing range. Compared to 
what was seen in the range of strains 0-30%, the uncertainty 
became apparent at higher strains. Due to a higher strain, 
resistance response changes throughout the strain range of 
0 to 100%. As shown in Fig. 3b, resistance decreases after 
a strain of 30% and increases slightly after an 80% strain. 
This affects the result of dynamic tests in the range of 0% 
to 100%. When the strain is between 0 and 100%, the slope 
shifts from negative to positive, which leads to a secondary 
peak. However, the outcomes remain the same for the course 
of the dynamic tensile test. This behaviour suggests that 
the viscous component of the viscoelastic behaviour of the 
printed VTPU had a dominant influence on the mechanical 
and resistance characteristics, resulting in a higher degree 
of remaining deformation [47, 50].

The results of the study indicate that the integration of the 
CTPU sensor and VTPU matrix exhibits consistent changes 
in resistance, which can be highly valuable for SPAs. The 
resistance variations demonstrate a steady pattern during 
dynamic mechanical testing. This finding suggests that the 
integrated CTPU-VTPU system possesses responsive electri-
cal properties that can be harnessed for sensing and actuation 
applications. The consistent changes in resistance provide a 
reliable means of detecting and monitoring the mechanical 
behaviour of the composite material. This is especially ben-
eficial in dynamic environments where real-time feedback 
and control are crucial. The electrical response is governed 
by the viscoelastic properties of the printed TPU, with the 

viscous component playing a dominant role. This influences 
the mechanical and resistance behaviours, resulting in a 
higher degree of remnant deformation. The resistance curve 
shows linearity, except for the plateau caused by resistance 
changes, indicating potential for accurate and predictable 
sensing capabilities.

3.2 � Bending behaviour

The SPAs are controlled by adjusting the air pres-
sure applied to them. When air pressure is increased or 
decreased, the actuators bend accordingly. The SPA is 
powered by a compressor, which supplies the necessary 
air pressure. The VTPU material used in manufacturing 
the actuator allows for a range of bending degrees depend-
ing on the specific test conditions and parameters applied. 
Figures 4a and b depict the bending behaviour of the sim-
ple actuator as observed in both simulation and experi-
mental results. The applied pressure ranges from 100 to 
300 kPa for all the actuators. The results likely present a 
comparison between the predicted bending in the simula-
tion and the actual bending observed in the experimental 
setup. The results demonstrate how the actuators move and 
deform in response to varying levels of applied pressure. 
The trajectories show the path taken by the actuators as 
they undergo bending and movement, providing insight 
into their behaviour under different pressure conditions. 
Through the analysis, it is observed that the FEM mod-
els accurately match the observed bending angles of the 
SPAs. The maximum difference between the predicted and 
observed bending angles is found to be 1.2% at 300 kPa. 
These small differences indicate a high level of agreement 
between the FEM models and the experimental results, 
demonstrating the accuracy of the simulation in predict-
ing the bending behaviour of the SPAs. As the pressure is 
increased, it is observed that the bending sensor’s behav-
iour changes as well.

In addition to the measurements, tests are performed by 
measuring the resistance of the sensor at different pressure 
levels. This approach provided an additional means of moni-
toring and analysing the behaviour of the sensor under vary-
ing pressure conditions. By observing the changes in resist-
ance, valuable insights are gained regarding the sensor's 
response and its relationship with the applied pressure. The 
resistance of the flex sensor is measured using a multimeter 
starting from time 0 s. Immediately after, a pressure of 100 
kPa is applied to the SPA. This pressure is maintained for 5 
seconds before being released. Sufficient time (15 seconds) 
is given for the actuator to return to its neutral position by 
deflating. A 5-second delay followed, after which the sub-
sequent pressure is applied. This entire process is repeated 
six more times. The procedure is then replicated for 200 kPa 
and 300 kPa pressures.
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Following the completion of the 3D printing process, 
the printed bending sensor is subjected to measurements 
of static resistance. The recorded data reveal an exponen-
tial decrease in resistance from an initial value of 14.48 
kΩ to 14.36 kΩ over a period of 100 seconds after con-
necting the sensor to the multimeter. These findings can 
be attributed to the specific fabrication method employed, 
indicating a limited connection between the printed lay-
ers and the extruded material. The variations in adhesion 

between these layers could potentially introduce imbal-
ances during the experimental procedure. To mitigate 
the potential impact of material influences on the testing 
process, a waiting period of 60 seconds is introduced to 
allow the resistance to stabilize and achieve greater con-
sistency before conducting the experiments. Following 
the experiment, the raw data is plotted on an XY graph 
to observe the average resistance values corresponding to 
different pressure levels. For 100 kPa pressure, the average 

Fig. 4   A comparative analysis of the bending shape of a simple actuator can be observed in two scenarios: (a) experimental results and (b) simu-
lation results at various pressure levels
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resistance is measured at 13.50 kΩ or -0.02 relative resist-
ance (see Fig. 5a). Similarly, the average resistance for 
200 kPa pressure is found to be 12.86 kΩ or -0.07 relative 
resistance as shown in Fig. 5b, and for 300 kPa pressure, it 
is 12.45 kΩ or -0.1 relative resistance (see Fig. 5c). These 
average resistance values are presented indicating a certain 
level of consistency in the sensor readings. The data also 
reveals that after the pressure is released, there is a delay 
in the sensor reaching its resting point. This delay can be 
attributed to the actuator taking time to release the pres-
sure, resulting in a lag in the sensor response.

Figure 5d clearly demonstrates a noticeable variation in 
resistance as the pressure increases. Due to the significant 
thickness of the design, the resistance changes observed in 
SPAs are not entirely constant. The variations in resistance 

can be attributed to factors such as the complex internal 
structure and the distribution of conductive elements within 
the SPAs. Additionally, it is worth noting that the SPAs do 
not fully recover their original state after being stimulated. 
This incomplete recovery can be attributed to various fac-
tors, including the viscoelastic nature of the material and 
the mechanical stresses experienced during operation. The 
viscoelastic behaviour of the materials causes both viscous 
flow and elastic deformation during inflation and deflation 
cycles, leading to irreversible changes in their structure over 
time. Additionally, repeated mechanical stresses and envi-
ronmental factors contribute to material degradation, further 
affecting the actuator's ability to recover fully. By incor-
porating softer materials such as silicone and elastomer, it 
becomes possible to address the existing issue effectively, 

Fig. 5   The variations in relative 
resistance over time for SPAs 
operating under an input pres-
sure of (a) 100 kPa, (b) 200 
kPa, and (c) 300 kPa. (d) The 
changes in relative resistance 
over time for cumulative pres-
sure applied to the SPA. (e) The 
measured bending angles of the 
SPA at different input pressure 
levels. (d) The relationship 
between resistance changes and 
the resulting bending angle of 
the SPA
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thereby significantly enhancing the performance of SPAs. 
Furthermore, optimizing the design of SPAs can yield sub-
stantial benefits, leading to enhanced overall functionality. 
By carefully analysing and refining the structural layout, 
engineers can identify areas for improvement, fine-tune criti-
cal components, and ensure seamless interactions between 
various elements. This process of design optimization allows 
SPAs to operate more efficiently, delivering enhanced user 
experiences and elevating their capabilities to new heights.

The average resistance exhibits a substantial decrease 
from 100 kPa to 200 kPa. Furthermore, the average resist-
ance continues to decrease from 200 kPa to 300 kPa. These 
observations indicate that the change in resistance exponen-
tially decreases as greater pressure is applied. These findings 
confirm that the flex sensor effectively monitors the defor-
mation of a SPA, as it accurately captures the changes in 
resistance corresponding to different pressure levels. Simul-
taneously, the bending angle of the SPAs is recorded and 
monitored throughout the experiment. As shown in Fig. 5e, 
results reveal that by increasing the pressure, the bending 
angle is also increased. Moreover, Fig. 5f illustrates a clear 
relationship between the applied pressure, the bending angle 
of SPAs, and the bending sensor's corresponding resistance 
reduction. As the pressure increases, it causes a proportional 
increase in the bending angle of the SPAs. This increase in 
bending angle is accompanied by a reduction in resistance 
detected by the bending sensor.

3.3 � Blocked force behaviour

The blocked force is a critical performance parameter for 
soft actuators as it represents the force generated by the tip 
of the SPA. It demonstrates the actuator's capability to con-
vert pressure into force effectively. The actuator is securely 
attached at one end and functions as a cantilever beam. As 
the input pressure increases, the output force of the actuator 
also rises accordingly. When measuring the force, the pres-
sure is incrementally increased in steps of 100 kPa, reaching 
a maximum pressure of 300 kPa. When only a small amount 
of pressure is applied to the actuator, the bending angle is 
minimal, and the majority of the blocked force is generated 
by the weight of the actuator itself. However, as the input 
pressure increases to a sufficient level, the sensor starts to 
provide resistance to the bending actions of the actuator, 
resulting in an increase in the bending angle. In a similar 
manner to the flex sensor, the change in resistance of this 
sensor is examined by applying load manually using a Sauter 
FK 100 force gauge. The resistance change of the sensor 
is observed using a multimeter. The force is incrementally 
exerted in increments from 5 N to 15 N, with equal inter-
vals between each cycle (see Fig. 6a). Each applied force is 
repeated three times to have accurate measurements.

When the actuator comes into contact with the sensor 
base, it bends into an arch shape. The top layer of the actua-
tor expands and moves forward as it inflates. The increased 
blockage in this case can be attributed to the bending 
motions of the actuator and the contact with the sensor, 
which restricts the flow and increases the resistance. In 
ANSYS, a fixed support boundary condition is applied to 
the proximal end of the actuator during the blocked force 
simulations. This setup treats the actuator as a cantilever 
beam. The distal end of the actuator is assigned a displace-
ment support condition, which allows it to slide without 
friction. This arrangement simulates a load cell and enables 
force measurements to be taken (see Fig. 6b). The displace-
ment support in place resists the bending deformation of the 
soft actuator when it is pressurized. As a result, the actuator 
bends backwards, forming an arch shape, and slides along 
the displacement support. Figure 6c provides a summary of 
the blocked force data for the SPAs. It can be observed that 
as the pressure increases, the force exerted by the actuator 
also increases.

The SPA exhibits the highest force and actuation pres-
sure of 3 N when subjected to a pressure of 300 kPa. The 
comparison between the simulated and measured force 
indicated a difference of 0.05 N, demonstrating the simula-
tion's ability to accurately predict the blocked force. This 
technique can effectively achieve the required force, thereby 
reducing the need for additional effort. The bending and tip 
force outcomes of the SPAs align closely with the findings 
of previous research studies [35, 51, 52]. The successful per-
formance of the actuator using VTPU material indicates that 
it functions effectively and achieves the desired outcomes. 
Nevertheless, by incorporating soft sensors internally, it 
becomes possible to control the bending and tip force of the 
pneumatic actuators more precisely. This implementation 
also leads to a reduction in material waste.

3.4 � Applications

According to the experimental findings, the sensors demon-
strate the capability to detect changes during deformation 
and when encountering an unknown force. The SPA can be 
effectively utilized as a soft gripper for handling delicate 
or foreign objects such as 3D-printed objects, oranges, and 
bananas. The functionality of the soft gripper is observed 
while successfully grasping items (see Fig. 7a). A pressure 
of 100 kPa is employed as the input to initiate the SPAs. The 
behaviour of the actuators is continuously monitored and 
controlled throughout the entire procedure. Once the actua-
tors begin to bend and contact the objects, the LabVIEW 
system promptly initiates the monitoring process, capturing 
and recording any alterations in resistance (see Fig. 7b). It is 
observed that the displacement of the flex sensor remained 
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constant after securing the objects in place, indicating that 
their presence does not affect the sensor's position. How-
ever, an alteration in resistance is detected as the pressure 
increased, indicating an increase in pressure when holding 
the object. The 2D SPAs exhibit the expected behaviour, 
with the fingers curling appropriately. The contact with the 
objects being grasped is limited to the tips of the fingers. 
Throughout the experiment, all parameters are maintained 
at a constant level. It is demonstrated that the inclusion of 
the metamaterial resulted in successful grasping, reaffirming 
its positive impact on the grasping capabilities.

The SPA demonstrates its versatility in the realm of reha-
bilitation gloves, offering valuable assistance to individuals 
recovering from hand impairments caused by accidents or 
other health conditions (See Fig. 7c). By incorporating five 
pneumatic bending actuators, these gloves provide targeted 
support to the client's hand. When pressure is applied, the 
actuators induce the closing motion of the hand, creating 
controlled resistance. To halt the glove from completely 

closing the hand, the client is encouraged to engage their 
motor receptors, promoting active participation in the reha-
bilitation process. To evaluate the progress made during 
rehabilitation, a sensor embedded within the glove accu-
rately measures the displacement of the hand from its origi-
nal position. This data enables healthcare professionals to 
assess the client's advancement and adjust the rehabilitation 
programme ensuring personalized and effective recovery. 
In addition to its rehabilitative function, the SPA glove also 
serves as an exoskeleton, offering supplementary assistance 
for forelimb locomotion. By providing external support and 
augmenting the user's movement, the glove aids individuals 
in regaining strength, coordination, and range of motion in 
their upper limbs. The SPA’s application as a rehabilitation 
glove not only facilitates the recovery of hand impairments 
but also serves as an innovative tool for therapeutic inter-
ventions and improved functional outcomes in the field of 
rehabilitation medicine. The concept can be enhanced by 
refining the design to closely replicate the joint-segment, 

Fig. 6   (a) The obtained relative resistance values via the measurement 
and calibration of the force sensor using a force gauge. (b)  The 
experimental and simulated results of the blocked force using a 

pressure of 100 kPa. (c) The relationship between resistance changes 
and the resulting blocked force of the SPA
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resulting in superior functionality. This advancement should 
be a focus of future research efforts to assess the overall 
system's performance, encompassing vital aspects like sen-
sor connections.

4 � Conclusion and future work

This article introduces a novel category of SPAs with inte-
grated soft sensors and fabricated using FDM 3D printing. 
The study includes simulations and successful 3D printing 
of the designed SPAs with specific material properties. 
Experiments show that the flex sensor accurately deter-
mines pressure levels (1.4 kΩ at 300 kPa) and calculates 
deformation angles in the soft actuator. The force sen-
sor monitors forces (6 kΩ at 15 N) applied to the sensor. 
These sensors are integrated into soft grippers, demon-
strating effective grasping of various objects. A conceptual 
design proposes their use as rehabilitative devices, offering 
promising potential for future research. Further studies can 
deepen the understanding of 3D-printed sensors integrated 
within soft actuators. Conducting additional experiments 

to assess sensor durability, such as creep testing and evalu-
ating tensile stress and strain at the fused material's bor-
ders, would be valuable to determine the actuators' maxi-
mum stress levels. Exploring alternative materials like 
carbon nanotubes and conductive composites in combina-
tion with actuators could help assess their suitability and 
strength. Expanding the range of soft conductive filaments 
and testing their performance in various types of actua-
tors would also broaden the research scope. By pursuing 
these studies, we could gain comprehensive insights into 
3D-printed sensors in soft actuators, leading to advance-
ments in the field and unlocking innovative applications.
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