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Abstract: The present work demonstrates the manufacturing process of a pneumatic bellow actuator
with an embedded sensor, utilizing a novel manufacturing approach through the complete use of
additive manufacturing techniques, such as direct ink writing (DIW) and traditional fused deposition
modeling (FDM) methods. This study is innovative in its integration of a dielectric electroactive poly-
mer (DEAP) structure with sensing electrodes made of conductive carbon grease (CCG), showcasing
a unique application of a 3D-printed DEAP with CCG electrodes for combined DEAP sensing and
pneumatic actuation. Initial experiments, supported by computational simulations, evaluated the
distinct functionality of the DEAP sensor by itself under various pressure conditions. The findings re-
vealed a significant change in capacitance with applied pressure, validating the sensor’s performance.
After sensor validation, an additive manufacturing process for embedding the DEAP structure into a
soft pneumatic actuator was created, exhibiting the system’s capability for dual sensing and actuation,
as the embedded sensor effectively responded to applied actuation pressure. This dual functionality
represents an advancement in soft actuators, especially in applications that require integrated and
responsive actuation and sensing capabilities. This work also represents a preliminary step in the
development of a 3D-printed dual-modality actuator (pneumatic and electrically activated DEAP)
with embedded sensing.

Keywords: dielectric electroactive polymers; soft actuator; conductive carbon grease; pressure sensor;
pneumatic actuator

1. Introduction

The evolution of smart materials and additive manufacturing technologies has opened
new possibilities for designing and developing flexible actuators and sensors [1,2]. These de-
vices have potential applications in various fields, including robotics, automotive, medicine,
and consumer electronics [1,2]. One of the critical challenges in the design of flexible ac-
tuators is the integration of sensing systems that do not compromise the flexibility and
functionality of the device [3,4]. Dielectric electroactive polymers (DEAPs) are materials
that have shown promise in this regard due to their ability to change shape and size in
response to an applied electric field [3–6]. DEAPs, consisting of a dielectric material placed
between two conductive electrodes, possess a dual capability; DEAPs can generate an
electrical signal from a mechanical input while also generating significant deformation
when exposed to an electric field [3–5,7]. This distinctive property makes them ideal for
sensing applications, where changes in the device’s capacitance can be used to measure
compressive forces, as well as actuation [3–5,8].

A key focus of this study is the development of a pneumatic actuator with embed-
ded sensors that integrate both sensing and actuation capabilities. This work leverages
innovative additive manufacturing techniques such as direct ink writing (DIW) and Fused
Deposition Modeling (FDM). These methods provide precise control over material deposi-
tion, facilitating the integration of both pneumatic and electrically activated DEAP sensors
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and actuator systems. The combination of DIW and FDM represents a novel approach
for creating actuators capable of dual activation mechanisms, enhancing the versatility
and functionality of these devices in various applications, including soft robotics and
biomedical devices [2,4,5,9].

The field of 3D-printed pneumatic actuators has grown, as demonstrated by
Drotman et al. [10]. In their work, they explored the development of 3D-printed, three-
chambered pneumatic actuators with bellows, designed to achieve controlled motion
through pressure modulation. This study highlighted the advantages of 3D printing for rapid
prototyping and the flexibility of soft robotics applications. Additionally, Ahn et al. [11] specifi-
cally focused on the development of thermopneumatic soft micro bellow actuators, utilizing
internal heating mechanisms for precise actuation control, while Xavier et al. [12] empha-
sized the potential of these actuators in delicate manipulation tasks. Reis Carneiro et al. [13]
explored biphasic Ag-EGaIn electrodes to enhance electromechanical properties and energy
efficiency. Bernat et al. [14] demonstrated that incorporating silicone-based membranes in
DEAPs can improve their flexibility and response time. These advancements underscore
the potential of such materials for developing advanced actuators and sensors, as also
reviewed by Kim and Tadokoro [15] in their overview of electroactive polymers for robotic
applications. Furthermore, Zhou et al. [16] discussed integrated actuation and sensing
strategies for soft robots, emphasizing the importance of combining these functions to
achieve intelligence and autonomy. This integrated approach is critical for advancing the ca-
pabilities of soft robots, enabling them to interact more effectively with their environments
and perform complex tasks.

This study presents an example of a fully additively manufactured dielectric electroac-
tive polymer actuator using direct ink writing technology. Initially, a DEAP sensor was
developed using conductive carbon grease (CCG) embedded in a dielectric matrix com-
posed of thermoplastic polyurethane (TPU). This first prototype served as a foundational
experiment to evaluate the sensor’s functionality and to optimize the manufacturing pro-
cess for these two materials. Building on this, a second prototype was created that integrates
the DEAP sensor with a pneumatic actuator, utilizing the same materials and additive man-
ufacturing techniques. Both prototypes were systematically tested through experimental
trials and computational simulations to evaluate their performance under various pressure
conditions. The subsequent sections detail the fabrication process, the experimental setup,
and the results of these tests, providing insights into the capabilities of these actuators and
their potential applications in flexible electronics, robotics, and biomedical devices [17–20].
This work aims to contribute to the ongoing development of high-performance, flexible
actuators and sensors, offering a foundation for future innovations in this field.

2. Literature Review and Foundational Concepts
2.1. Pneumatic Actuators

Pneumatic actuators are a versatile category of soft actuators that offer significant
flexibility and adaptability. These actuators operate by pressurizing air chambers within
a soft, often elastomeric structure, causing the actuator to expand, contract, or bend. The
design allows for a greater range of motion compared to rigid structures, enabling appli-
cations in soft robotics, medical devices, and industrial automation. As demonstrated by
Drotman et al. [10], the geometric parameters of the pneumatic bellows, such as wall thick-
ness and chamber dimensions, critically influence the actuator’s performance, including
bending angles and blocked force.

2.2. Electroactive Polymers (EAPs)

Research on electroactive polymers (EAPs) has grown significantly due to their unique
properties and potential in various applications, such as actuators, sensors, and power gen-
eration devices [3,4,21–23]. Among these, dielectric electroactive polymers (DEAPs) stand
out because they can produce substantial deformations while maintaining low stiffness,
making them ideal for applications that require both flexibility and high sensitivity [9,21].
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EAPs are mainly divided into two categories: ionic EAPs and electrical EAPs. Ionic
materials include metal ionic polymers and polyelectrolyte gel, while electrical materials
include dielectric elastomers and ferroelectric polymers [3,4,24]. Electrical EAPs in particu-
lar have shown considerable promise for developing adaptable actuators and sensors, as
they can generate large deformations with relatively low voltages [1,3,9].

2.3. Dielectric Electroactive Polymers (DEAPs)

DEAPs are electrical EAPs composed of a dielectric layer located between two conduc-
tive electrodes. This structure allows the material to undergo significant deformation when
an electric field is applied, changing its capacitance [25–27]. DEAPs are used in various ap-
plications, including pressure sensors, power generators, and artificial muscles [1,14,27–29].

The fundamental equation that describes the behavior of DEAPs is Maxwell’s equation,
which states that the capacitance C of a capacitor is given by

C =
ϵ0ϵr A

d
(1)

where
C is the capacitance in Farads;
ϵ0 is the permittivity of free space;
ϵr is the dielectric constant of the material;
A is the area of the electrodes;
d is the distance between the electrodes.
This equation (Equation (1)) shows the relationship between the physical properties of

the dielectric material and its capacitance [30].

2.4. Integration of Sensors in Flexible Actuators

Conventional sensors often have limitations in terms of flexibility, which can restrict
the functionality of actuators [9,31]. Various strategies have been explored to address
this problem, including using composite materials and incorporating sensing elements
directly into the actuator structure [24,26,32,33]. Combining DEAPs with integrated sensors
allows for the creation of devices that can measure compressive forces and changes in
capacitance, providing accurate data on environmental and operational conditions [24,32].
An example of this integration is the development of flexible pressure sensors that use
dielectric polymers [1]. These sensors can measure the applied pressure by detecting
changes in the material’s capacitance when it is deformed. The formula that relates the
capacitance to the applied pressure can be expressed as

C(P) =
ϵ0ϵr A

d − ∆d(P)
(2)

where
P is the applied pressure;
∆d(P) is the change in the distance between the electrodes due to the pressure.
This equation (Equation (2)) shows that as the pressure increases, the distance between

the electrodes decreases, increasing capacitance [26].

2.5. Additive Manufacturing and Flexible Sensors

Additive manufacturing has become a powerful technique for creating devices with complex
geometries and customized properties [10,30,31]. In the context of DEAPs, 3D printing enables
rapid and low-cost manufacturing of customized sensors and actuators [10,11,24]. Previous
studies have demonstrated the feasibility of using additive manufacturing technologies to
design DEAPs, including work by Gonzalez et al., who developed flexible sensors using
3D-printed dielectric polymers [2,5]. Another study by Fu et al. also highlights the use of
3D printing for creating complex DEAP structures [3,19,21].
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The 3D printing of DEAPs not only facilitates the creation of complex structures but
also allows for the integration of conductive and dielectric materials in a single manufac-
turing process, thus improving the devices’ efficiency and performance [24,31]. Advanced
materials such as thermoplastic polyurethane (TPU), known for its stretchability and
durability, are ideal for applications in flexible actuators [10].

2.6. Carbon Conductive Grease (CCG) in Actuators and Sensors

Carbon conductive grease (CCG) is a composite material that combines a grease
matrix’s flexibility with carbon’s high conductivity. This allows for the creation of adaptable
electrodes that can be easily integrated into dielectric polymer structures [33–35].

The inclusion of CCG in 3D-printed devices has shown significant improvements in the
performance of flexible actuators and sensors. Researchers have shown that adding CCG
to dielectric polymer structures improves the actuators’ sensing capability and efficiency,
allowing for faster and more accurate responses to applied forces [36].

A key aspect of using CCG is its ability to maintain electrical conductivity under
significant deformations, which is crucial for applications in sensors that must operate
under dynamic conditions [13,14,23]. The formula that describes the relationship between
the conductivity of the grease and the applied deformation is

σ = σ0

(
1 − ∆L

L

)
(3)

where
σ is the conductivity under deformation.
σ0 is the initial conductivity.
∆L is the change in the length of the material due to deformation.
L is the initial length of the material.
This relationship (Equation (3)) shows how the conductivity of the CCG is reduced

when the material is stretched. However, since TPU is a viscoelastic material, it can
withstand large deformation [20].

Within the scope of this research, the actuator system presented in this work demon-
strates a synergistic integration of dielectric electroactive polymers (DEAPs), carbon con-
ductive grease (CCG), and pneumatic actuation.

3. Materials and Methods
3.1. Material Selection

Material selection was critical for successful prototype development. Thermoplastic
polyurethane (TPU) specifically Filaflex 60A [37] was chosen as the base material for the
dielectric in the DEAP sensor and the base material for the pneumatic actuator due to
its electrical and mechanical properties as well as 3D-printability. Its hyperelastic nature
provides high stretchability and flexibility for pneumatic actuation. Additionally, TPU is
highly durable and resistant to abrasion, enabling it to endure repetitive mechanical stresses
without significant degradation, which makes it ideal for dynamic applications such as
actuation mechanisms. In regard to DEAP sensing, TPU has a high dielectric constant,
approximately 6.32, making it ideal for pressure monitoring through capacitance-based
sensing [5].

For the electrode material, carbon conductive grease (CCG) [38] was selected. CCG
consists of carbon black particles suspended in a silicone oil matrix, offering a combi-
nation of high conductivity and mechanical compliance. This allows CCG to function
effectively as an electrode material in DEAPs, accommodating significant deformation
without compromising electrical performance. Traditionally, the electrode layer in DEAP
sensors and actuators is stiffer than the dielectric layer due to the addition of conductive
particles within a hyperelastic polymer matrix. This stiffness limits actuation and sensing
potential and can cause separation of these layers during motion. By incorporating grease
as the electrode, issues of layer separation and movement restriction are mitigated. CCG
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was also chosen because it has been demonstrated to work effectively as a conductive
electrode in a 3D-printed DEAP actuator with TPU as the dielectric layer, as shown by
Gonzalez et al. [2,5].

Previous studies have also demonstrated the benefits of combining TPU and CCG
in DEAP actuators. Gonzalez et al. [5] presented a novel design of a DEAP actuator
showcasing the successful integration of TPU and CCG. Their work highlighted significant
improvements in durability and responsiveness, allowing for high actuation strains while
minimizing energy loss due to mechanical resistance. The work in this study focuses on the
development of a fully additive method to produce pneumatic structures with CCG-based
DEAP sensors, while also serving as a preliminary step for future incorporation of dual
actuation modes, including pneumatic and traditional high-voltage DEAP actuation.

3.2. Manufacturing Process
3.2.1. Proof of Concept (Prototype 1 DEAP Sensor)

An initial prototype of a DEAP sensor utilizing conductive carbon grease was
developed (Figure 1), drawing inspiration from previous work by Rodriguez et al. [2,5].
This prototype served as a proof of concept and a foundation for optimizing the manu-
facturing process for integrating conductive carbon grease. The aim was to validate the
feasibility of the design and to identify areas for refinement in the material deposition and
integration techniques.
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Figure 1. Flowchart for manufacturing of Prototype 1.

The structure is composed of a dielectric matrix made of thermoplastic polyurethane,
TPU 60A by Filaflex [37], and includes two inner chambers filled with conductive carbon
grease (CCG). These grease-filled chambers serve as the electrodes of a parallel plate
capacitor, forming a DEAP sensor. Figure 2 shows the design of Prototype 1, where the
units are in mm.
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3.2.2. Manufacture of Dielectric Structure (Prototype 1)

The dielectric structure was printed using traditional FDM techniques on a Lulzbot
TAZ 6 printer [39]. The print parameters were experimentally optimized to achieve a high-
quality print surface while minimizing air leakage in the pneumatic actuator. Specifically,
the chamber size and layer height were adjusted for optimal performance. The inner
chambers, as shown in Figure 2, maintain the same length and width as the design presented
by Rodriguez et al. [13], ensuring both sensor functionality and printability:

• Layer height: 0.25 mm;
• Infill density: 100%;
• TPU printing temperature: 215 ◦C;
• Build plate temperature: 70 ◦C;
• Printing speed: 60 mm/s.

3.2.3. Deposition of Conductive Grease into Dielectric Structure (Prototype 1)

Deposition of conductive carbon grease was performed using DIW on a Cellink Inkred-
ible+ printer [40]. As the deposition was performed at specific points on the dielectric
structure, the position of the nozzle was static and a pressure of 305 kPa was set to ensure
continuous flow of the conductive grease. A 20-gauge nozzle syringe with an external diam-
eter of 0.91 mm and a length of 12.7 mm was selected based on conductive grease viscosity
(80.4 Pa*s) [41] and approximate particle size (~100 µm). Experimentation with nozzle sizes
and pressures showed that the 20-gauge nozzle and 305 kPa of applied extrusion pressure
were optimal for continuous flow of grease [42].

The thickness of the structure was optimized so that the syringe used for grease
deposition was a compression fit in the chambers to maximize fill and minimize over-
extrusion. A height of 10 mm was set based on the length of the needle. The side walls were
2 mm thick, while the top and bottom walls were set to 1 mm. The top/bottom thickness of
0.8 mm was defined to prevent the conductive grease from leaking out of the chambers
after being penetrated by the needle.

Two additional layers at the top contributed to fully sealing the chambers. The print
was paused before making the last two layers/top cover. While paused, the print was
taken to the DIW printer and grease was injected into each of the chambers through two
holes at each chamber. For each hole, the grease flowed for 90 s at a pressure of 305 kPa.
Figure 3 shows the process of injecting carbon grease into a chamber of the sensor prototype.
After the addition of grease, the print was resumed on the FDM Lulzbot Taz 6 printer.
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3.2.4. Manufacture of Prototype 2 (DEAP Sensor + Pneumatic Actuator)

For the design of the actuator with an embedded DEAP sensor, a circular pneumatic
actuator shape was chosen to apply the pressure uniformly throughout the cylindrical
object. The walls surrounding the air chamber were optimized through experimental tests
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so that the walls could withstand the pressure with the lowest thickness. Similarly, the
walls surrounding the chambers of conductive grease were optimized so that they could
prevent conductive carbon grease from leaking with the lowest thickness. Figure 4 shows
the dimensions of Prototype 2.
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The height of the air chamber is lower than the height of the chambers for electrodes
with values of 8.4 mm and 10 mm, respectively. This ensures that the air chamber is sealed
on top while the CGG is deposited in the chambers. The height of Prototype 2 is 11.6 mm,
and the diameter of the air inlet is 2.5 mm.

3.2.5. Manufacture of Dielectric Structure (Prototype 2)

For Prototype 2, the manufacturing process closely followed the procedure used for
Prototype 1. The printing parameters remained the same, with the exception of the infill
pattern. A linear infill pattern was chosen for Prototype 2 to achieve a smoother surface, in
contrast to the zigzag pattern utilized in Prototype 1.

3.2.6. Deposition of Conductive Grease into Dielectric Structure (Prototype 2)

The print was paused before the top two layers were made and the actuator was
placed on the bioprinter for the injection of conductive grease. In this case, eight injection
points were defined, and the grease flowed for 90 s for each point at a pressure of 305 kPa.
Subsequently, the two remaining layers of the print covered the holes. Figure 5 shows the
process of injecting the grease in Prototype 2.
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3.3. Computational Simulations
3.3.1. Computational Simulations on Prototype 1

An experimentally validated finite element analysis model was constructed to predict
the working pressure range and expected actuator deformation for the prototype. After
experimental validation, the model was intended to be used for testing alternate geometries.
The finite element model for Prototype 1 was built in COMSOL Multiphysics 5.5 software.
COMSOL was selected due to its ability to integrate multiple physics domains, in this case
electrostatics and traditional mechanical analysis, along with tools for accurate calculation
of the deformation of hyperelastic materials. Once experimentally validated, the model was
used to test the impact of variables on the actuator to optimize design and experimentation.
Key functionalities utilized in COMSOL for this design were the use of moving mesh
methods and alternative solver configurations such as iterative, direct, segregated, or fully
coupled to improve accuracy and processing efficiency. The mesh of the structure was
generated by the software based on the physics involved defined as physics-controlled
meshing with an element size denominated as “finer”, obtaining a total of 9587 elements
including triangle prisms and tetrahedrals.

To input the properties of the material into the model, a previous characterization of
the material was referenced. In this work, a tensile test according to the ASTM D638-14
standard [43] was conducted on 3D-printed TPU and a least square curve fit was obtained
with the data of stress versus strain using ANSYS 2022 [44]. The values for C10 and C01
were estimated as 0.28 and 0.59 MPa, respectively.

The geometry of the structure was imported directly from the 3D-printer STL file. Then,
each of the physics for the model were added, including solid mechanics, electrostatics, and
electromechanics. As per the solid mechanics module, a fixed constraint and a boundary
load were set at the bottom and top of the structure (blue and red highlighted in Figure 6).
The boundary load was in the form of a sweep ranging from 0 to 60 psi (0 to 413.69 kPa)
with a step of 1 psi (6.89 kPa). The sweep function enabled convergence before movement
to the next step due to high deformation, which results from the hyperelastic behavior of
the material.
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As per the electrostatic module, the boundaries of one of the electrodes was defined
as the ground while the boundaries of the remaining electrode were defined as the ter-
minal with a voltage of 1V. The computational simulation used quadratic elements and
implicit analysis. After the finite element model was computed, the structure experienced
a deformation, as shown in Figure 7. The highest deformation occurred on the face where
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the pressure was applied, while there was minimal deformation on the face of the fixed
constraint. The maximum value for displacement was 0.567 mm.
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The deformation produced a reduction in the thickness of the dielectric structure,
leading to a reduction in the distance between the electrodes. Such reduction leads to an
increase in the capacitance of the structure, as seen in Equation (1).

Figure 8 shows the von Mises stress of Prototype 1. The stress in the structure was
below 1MPa, which is considered a low-stress condition. The highest stress occurred in the
face of the fixed constraint.

Sensors 2024, 24, x FOR PEER REVIEW  10  of  20 
 

 

Figure 8 shows the von Mises stress of Prototype 1. The stress in the structure was 

below 1MPa, which is considered a low-stress condition. The highest stress occurred in 

the face of the fixed constraint. 

 

Figure 8. Von Mises stress in the DEAP sensor Prototype 1. 

The deformation produces an increase in capacitance, and the Maxwell capacitance 

versus the applied pressure is shown in Figure 9. The increase in capacitance corresponds 

to an increase in the applied pressure, which demonstrates the functionality of the struc-

ture as a sensor. 

 

Figure 9. Maxwell capacitance as function of the pressure applied to Prototype 1. 

Figure 8. Von Mises stress in the DEAP sensor Prototype 1.

The deformation produces an increase in capacitance, and the Maxwell capacitance
versus the applied pressure is shown in Figure 9. The increase in capacitance corresponds
to an increase in the applied pressure, which demonstrates the functionality of the structure
as a sensor.
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3.3.2. Computational Simulations for Prototype 2

The computational model for Prototype 2 was built using the same material and
parameters as those used for Prototype 1. However, the geometry of the actuator was more
complex; the meshing required a higher number of elements in the mesh and the step of
the sweep of pressures was reduced to 0.1 psi (0.689 kPa). In this design, pressure was
applied to the inner channel of the actuator and fixed constraints were added at the inlet of
the actuator and the face in contact with the object, as shown in Figure 10.
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The model converged after 201 iterations, using a step size of 0.1 psi (0.689 kPa), and
the maximum value of pressure was 30 psi. The mesh contained 685,028 elements. As per
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the displacement, the highest value was observed in the outside bellows and in the portion
between the electrodes (as desired). The total displacement is shown in Figure 11.
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Figure 11. Total displacement of Prototype 2.

The Maxwell capacitance as a function of the applied pressure is shown in Figure 12.
Given the hyperelastic nature of the TPU, a nonlinear behavior is observed as the deforma-
tion directly affects the value of capacitance. It is observed that at 30 psi (206.84 kPa), the
value of Maxwell capacitance is 101.7 pF, which corresponds to an increase of 5.15% with
respect to the initial value of capacitance at 0 psi.
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Figure 12. Maxwell capacitance as a function of the pressure applied to Prototype 2.

Figure 13 shows the von Mises stress of the structure. The maximum stress is below
1 MPa, corresponding to a low-stress condition. For better visualization, stresses below
0.78 MPa are shown in Figure 13.
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3.4. Experimental Tests

Once the conductive grease was deposited into the channels of Prototype 1, leads
were connected to each of the chambers by pushing 28 AWG wires against the top face of
the sensor until they penetrated the flexible material and contacted the conductive grease.
Initial measurements of capacitance were performed using an LCR meter, model 879B [45].
The 879B model allows USB communication to facilitate data gathering on a laptop. A
pneumatic system was set up to perform pressure tests on the sensor. The setup consisted
of a pneumatic cylinder, model 0-822-334-510, manufactured by Bosch Rexroth [8]. The
pneumatic cylinder withstands pressures up to 145 psi (999.74 kPa). To apply uniform
pressure on one side of Prototype 1, a 3D-printed coupling was designed (shown in black
in Figure 14). The pressure was set between 0 and 60 psi (413.69 kPa) with increments
of 1 psi during the first 10 psi and 10 psi (68.95 kPa) steps afterwards. For each pressure
condition, the capacitance was recorded for 30 s, repeating the process for five samples with
five repetitions each. The setup for the pressure test on Prototype 1 is shown in Figure 14.
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Figure 14. Setup for pressure testing on Prototype 1.

Regarding Prototype 2, preliminary tests were performed to identify the maximum
pressure the actuator was capable of withstanding before the conductive carbon grease
started to leak. The pressure was set from 0 to 10 psi (0 to 68.95 kPa) with a step of
1 (6.89 kPa) psi and then to 30 (206.84 kPa) psi with a step of 5 psi (34.4738 kPa), repeating
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the process for five samples with five repetitions each. Figure 15 presents the setup for the
experimental test on Prototype 2. A smaller step size, 1 psi, was used for 0–10 psi because
of the nonlinear behavior seen during the first 10 psi applied, which is thought to be due
to grease redistribution into remanent voids during initial pressurization. After 10 psi,
the nonlinearity decreases, and a larger step size can be used. This finding is consistent
with past work. Gonzalez et al. [2] measured capacitance at small intervals during the first
10 psi applied on a similar DEAP device, to track the charging capacitor behavior at this
initial range.
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4. Results

Figure 16 shows the results of the experiments conducted on Prototype 1, focusing
on the sensor structure. These results show an increase in capacitance as the pressure
increases for all five samples. For samples 2, 4, and 5, the pressure increases notably from
rest to 1 psi (6.89 kPa), followed by an increasing behavior. For samples 1 and 3, no clear
trend was observed for the first 10 psi (68.95 kPa), which might be attributed to the uneven
distribution of the pressure over one face of the structure, given that the chambers were
filled with extra carbon grease, generating expansion on the entire structure. An excess of
carbon grease can also explain the higher ranges in capacitance for samples 1 and 3.
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It can be observed that the experimental results from samples 2, 4, and 5 align with
the expected ranges from the COMSOL simulation. Also, for both the computational
simulation and the experimental results, there is an increase in capacitance in response to
the input pressure. Given that each sample has a different value for initial capacitance, the
normalized capacitance was calculated using the following equation:

∆C
C0

=
C − C0

C
(4)

Normalizing the capacitance change allows for a direct comparison among different
samples, given that the value of capacitance in the initial condition varies, as observed
in Figure 16. The values of normalized capacitance as a function of the applied pressure for
Prototype 1 are shown in Figure 17. For all the samples, an increase is observed between
7 and 23% of their initial capacitance value. These percentages are lower compared to
those obtained in a previous study [2,5], where three types of conductive TPU were used as
electrodes, with initial capacitance changes between 71 and 141%.
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The results for the experimental test on Prototype 2 are shown in Figure 18. For all
samples, there is an increase in capacitance as the pressure applied to the actuator increases.
Different ranges of capacitance among the samples are due to fluctuations in the flow of
grease during the injection process. Sensors should be calibrated for normalization of the
results prior to use. The fluctuations of grease are a consequence of nozzle clogging due to
a build-up of conductive particles. Further research addressing this problem would involve
the design of a custom carbon grease, which would balance conductivity and printability
with particle size, volume fraction, and purity [34]. The approach of this study focuses
on using standard commercial carbon grease, adjusting pressure on the grease and nozzle
size, and acknowledging the difference in fill among the samples as a result of particle
agglomeration during printing.

The normalized capacitance change was calculated and computed. The results against
applied pressure are shown in Figure 19. It was observed that all samples experienced
an increase between 5.5 and 8.5% of their initial value of capacitance. The increase in
capacitance in the computational simulation was reported as 5.15%, which is slightly lower
than that of the experimental test.
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5. Discussion

The initial value of capacitance for the five Prototype 1 samples and the five Prototype 2
samples varied with grease distribution in the chambers. However, by computing nor-
malized capacitance change, it was possible to compare the percentage of change among
samples. Although the samples showed an increase in initial capacitance, some were more
sensitive to applied pressure.

The response of the DEAP sensor, Prototype 1, showed that during the application of
10 psi (68.95 kPa) of pressure, there was no clear trend in the capacitance as a function of
the applied pressure. This behavior could indicate an uneven distribution of the carbon
grease within the chambers of the electrodes, which may initially be caused by variations
in the manufacturing process, particularly in how the carbon grease is deposited. As
the pressure increases, the carbon grease redistributes more uniformly, stabilizing the
capacitance readings. As observed in Figure 15, the normalized capacitance changes
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for the five samples ranged between 7% and 23%, allowing for detection of changes in
pressure. These results corresponded with those obtained in the computational simulation,
where increased capacitance was observed as the pressure increased. The initial prototype
experiment served as a baseline for demonstrating the functionality of 3D-printed DEAP
sensors using conductive carbon grease. The alignment of experimental results with
computational simulations validates the model used and confirms that the observed trends
are intrinsic properties of the system. This congruence suggests that with improved
uniformity in the distribution of carbon grease, even more consistent sensor performance
could be achieved.

Conversely, the subsequent experiments conducted on Prototype 2 demonstrated a
clear trend of increasing capacitance as pressure was applied. The geometry of the actuator
and the method of applying pressure are crucial for the sensor’s functionality, as pressure
should be uniformly distributed throughout the DEAP structure. This consistency in
response highlights the effectiveness of the Prototype 2 design and suggests that similar
approaches could be adopted to optimize the Prototype 1 system. Ensuring a uniform
application of pressure remains a critical factor for reliable sensor outputs.

6. Conclusions

These results can be leveraged to further investigate the development of devices
incorporating sensors based on DEAPs with conductive carbon grease. These findings
highlight the potential of using conductive carbon grease in DEAPs, benefiting from its
functionality and minimal impact on the structure’s flexibility. Future research should
explore alternative methods of integrating CCG, potentially enhancing the uniformity and
repeatability of the sensor’s response. The minimal impact of CCG on the flexibility of
the DEAP structure also opens possibilities for more versatile applications, particularly in
fields requiring highly adaptable sensors.

In terms of actuation, DEAP structures respond mechanically to applied electrical
input (high voltage, low current), which means they can also produce deformation when
an electric field is applied. Thus, the manufacturing process developed in this work is a
preliminary step in the additive manufacturing of electrically activated DEAP actuators. In
combination with the current work, this can provide a means for dual actuation mechanisms
through DEAP actuation and pneumatic actuation along with the potential for DEAP
embedded sensing. This will not only contribute to the state of the art in actuators with
embedded sensors, but also allow for larger deformations, forces, and finer control in
actuation. This dual functionality is particularly advantageous in applications where
space and weight are constraints, allowing a single device to fulfill multiple roles. The
development of such integrated systems could lead to significant advancements in fields
such as robotics, where both sensing and actuation are critical.

Author Contributions: D.M. designed the experimental methods, completed the experiments and
modeling. D.N. assisted in data analysis and writing the paper. B.N. was responsible for conceptual-
ization of the idea, oversaw experimental design and analysis as well as writing of the paper. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Purdue Polytechnic Institute.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: Data available upon request to corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.



Sensors 2024, 24, 5403 17 of 18

References
1. Wang, T.; Farajollahi, M.; Choi, Y.S.; Lin, I.T.; Marshall, J.E.; Thompson, N.M.; Kar-Narayan, S.; Madden, J.D.W.; Smoukov, S.K.

Electroactive Polymers for Sensing. Interface Focus 2016, 6, 20160026. [CrossRef]
2. Rodriguez, D.G.; Maynard, C.; Hernandez, J.; O’Brien, C.; Tallman, T.N.; Newell, B.; Garcia, J. 3D Printed Flexible Dielectric

Electroactive Polymer Sensors. Proceedings of ASME 2022 Conference on Smart Materials, Adaptive Structures and Intelligent
Systems, SMASIS 2022, Dearborn, MI, USA, 12–14 September 2022. [CrossRef]

3. Pelrine, R.; Sommer-Larsen, P.; Kornbluh, R.D.; Heydt, R.; Kofod, G.; Pei, Q.; Gravesen, P. Applications of Dielectric Elastomer
Actuators. In Proceedings of the SPIE’s 8th Annual International Symposium on Smart Structures and Materials, Newport Beach,
CA, USA, 4–8 March 2001; Volume 4329, pp. 335–349. [CrossRef]

4. Pelrine, R.; Kornbluh, R.D.; Eckerle, J.; Jeuck, P.; Oh, S.; Pei, Q.; Stanford, S. Dielectric Elastomers: Generator Mode Fundamentals
and Applications. In Proceedings of the SPIE’s 8th Annual International Symposium on Smart Structures and Materials, Newport
Beach, CA, USA, 4–8 March 2001; Volume 4329, pp. 148–156. [CrossRef]

5. Gonzalez, D.; Garcia, J.; Newell, B. Electromechanical Characterization of a 3D Printed Dielectric Material for Dielectric
Electroactive Polymer Actuators. Sens. Actuators A Phys. 2019, 297, 111565. [CrossRef]

6. Fu, C.; Xia, Z.; Hurren, C.; Nilghaz, A.; Wang, X. Textiles in Soft Robots: Current Progress and Future Trends. Biosens. Bioelectron.
2022, 196, 113690. [CrossRef]

7. Yuan, Z.; Zhang, Z.; Zeng, L.; Li, X. Key Technologies in Active Microvibration Isolation Systems: Modeling, Sensing, Actuation,
and Control Algorithms. Measurement 2023, 222, 113658. [CrossRef]

8. Brochu, P.; Pei, Q. Dielectric Elastomers for Actuators and Artificial Muscles. In Electroactivity in Polymeric Materials; Springer US:
New York, NY, USA, 2012; pp. 1–56. ISBN 9781461408789.

9. Keplinger, C.; Sun, J.Y.; Foo, C.C.; Rothemund, P.; Whitesides, G.M.; Suo, Z. Stretchable, Transparent, Ionic Conductors. Science
2013, 341, 984–987. [CrossRef]

10. Drotman, D.; Ishida, M.; Jadhav, S.; Tolley, M.T. Application-Driven Design of Soft, 3-D Printed, Pneumatic Actuators with
Bellows. IEEE/ASME Trans. Mechatron. 2019, 24, 78–87. [CrossRef]

11. Ahn, S.; Jung, W.; Ko, K.; Lee, Y.; Lee, C.; Hwang, Y. Thermopneumatic Soft Micro Bellows Actuator for Standalone Operation.
Micromachines 2021, 12, 46. [CrossRef]

12. Xavier, M.S.; Tawk, C.D.; Zolfagharian, A.; Pinskier, J.; Howard, D.; Young, T.; Lai, J.; Harrison, S.M.; Yong, Y.K.; Bodaghi, M.;
et al. Soft Pneumatic Actuators: A Review of Design, Fabrication, Modeling, Sensing, Control and Applications. IEEE Access 2022,
10, 59442–59485.

13. Reis Carneiro, M.; Majidi, C.; Tavakoli, M. Dielectric Elastomer Actuators with Biphasic Ag–EGaIn Electrodes. Adv. Eng. Mater.
2022, 24, 2100953. [CrossRef]

14. Bernat, J.; Gajewski, P.; Kołota, J.; Marcinkowska, A. Silicone-Based Membranes as Potential Materials for Dielectric Electroactive
Polymer Actuators. Energies 2022, 15, 6324. [CrossRef]

15. Kim, K.J.; Tadokoro, S. Electroactive Polymers for Robotic Applications; Springer: London, UK, 2007.
16. Zhou, S.; Li, Y.; Wang, Q.; Lyu, Z. Integrated Actuation and Sensing: Toward Intelligent Soft Robots. Cyborg Bionic Syst. 2024,

5, 0105.
17. Kumar, R.; Kumar, M.; Chohan, J.S. The Role of Additive Manufacturing for Biomedical Applications: A Critical Review. J. Manuf.

Process. 2021, 64, 828–850. [CrossRef]
18. Carpi, F.; Kornbluh, R.; Sommer-Larsen, P.; Alici, G. Electroactive Polymer Actuators as Artificial Muscles: Are They Ready for

Bioinspired Applications? Bioinspir. Biomim. 2011, 6, 045006. [CrossRef]
19. Rossiter, J.; Walters, P.; Stoimenov, B. Printing 3D Dielectric Elastomer Actuators for Soft Robotics. In Proceedings of the SPIE

Smart Structures and Materials + Nondestructive Evaluation and Health Monitoring, San Diego, CA, USA, 8–12 March 2009;
Volume 7287, pp. 149–158. [CrossRef]

20. Bar-Cohen, Y. Electroactive Polymers as Artificial Muscles: Capabilities, Potentials and Challenges. In Proceedings of the 4th
International Conference and Exposition on Robotics for Challenging Situations and Environments—Robotics 2000, Albuquerque,
NM, USA, 27 February–2 March 2000; Volume 299, pp. 188–196. [CrossRef]

21. Rosset, S.; Shea, H.R. Flexible and Stretchable Electrodes for Dielectric Elastomer Actuators. Appl. Phys. A Mater. Sci. Process.
2013, 110, 281–307. [CrossRef]

22. Romasanta, L.J.; Lopez-Manchado, M.A.; Verdejo, R. Increasing the Performance of Dielectric Elastomer Actuators: A Review
from the Materials Perspective. Prog. Polym. Sci. 2015, 51, 188–211. [CrossRef]

23. Newell, B.; Garcia, J.; Krutz, G. Dielectric Electroactive Polymers with Chemical Pre-Strain: An Experimentally Validated Model.
Actuators 2018, 7, 50. [CrossRef]

24. Chen, B.; Bai, Y.; Xiang, F.; Sun, J.Y.; Mei Chen, Y.; Wang, H.; Zhou, J.; Suo, Z. Stretchable and Transparent Hydrogels as Soft
Conductors for Dielectric Elastomer Actuators. J. Polym. Sci. B Polym. Phys. 2014, 52, 1055–1060. [CrossRef]

25. Rosales-Cuello, N.; Cárcamo, C.; Falcón, C.; Palza, H. PDMS Composites with Carbon Grease as Reusable Compliant Electrodes
for Applications in Artificial Muscles Based on Dielectric Elastomer Actuators. Sens. Actuators A Phys. 2023, 363, 114710.
[CrossRef]

26. Das, T.; Sharma, B.K.; Katiyar, A.K.; Ahn, J.H. Graphene-Based Flexible and Wearable Electronics *. J. Semicond. 2018, 39, 011007.
[CrossRef]

https://doi.org/10.1098/RSFS.2016.0026
https://doi.org/10.1115/SMASIS2022-91072
https://doi.org/10.1117/12.432665
https://doi.org/10.1117/12.432640
https://doi.org/10.1016/J.SNA.2019.111565
https://doi.org/10.1016/J.BIOS.2021.113690
https://doi.org/10.1016/J.MEASUREMENT.2023.113658
https://doi.org/10.1126/science.1240228
https://doi.org/10.1109/TMECH.2018.2879299
https://doi.org/10.3390/mi12010046
https://doi.org/10.1002/adem.202100953
https://doi.org/10.3390/en15176324
https://doi.org/10.1016/j.jmapro.2021.02.022
https://doi.org/10.1088/1748-3182/6/4/045006
https://doi.org/10.1117/12.815746
https://doi.org/10.1061/40476(299)24
https://doi.org/10.1007/s00339-012-7402-8
https://doi.org/10.1016/J.PROGPOLYMSCI.2015.08.002
https://doi.org/10.3390/act7030050
https://doi.org/10.1002/POLB.23529
https://doi.org/10.1016/J.SNA.2023.114710
https://doi.org/10.1088/1674-4926/39/1/011007


Sensors 2024, 24, 5403 18 of 18

27. Sheng, J.; Chen, H.; Li, B.; Wang, Y.; Qiang, J. Effect of Temperature on Electromechanical Instability of Dielectric Elastomers.
In Proceedings of the SPIE Smart Structures and Materials + Nondestructive Evaluation and Health Monitoring, San Diego, CA,
USA, 11–15 March 2012; Volume 8340, pp. 512–520. [CrossRef]

28. Wang, X.; Li, H.; Wang, T.; Niu, X.; Wang, Y.; Xu, S.; Jiang, Y.; Chen, L.; Liu, H. Flexible and High-Performance Piezoresistive
Strain Sensors Based on Multi-Walled Carbon Nanotubes@polyurethane Foam. RSC Adv. 2022, 12, 14190–14196. [CrossRef]

29. Koh, S.J.A.; Keplinger, C.; Li, T.; Bauer, S.; Suo, Z. Dielectric Elastomer Generators: How Much Energy Can Be Converted?
IEEE/ASME Trans. Mechatron. 2011, 16, 33–41. [CrossRef]

30. Javidi, R.; Moghimi Zand, M.; Alizadeh Majd, S. Numerical Simulation Analysis of Flexible Capacitive Pressure Sensors Based on
Porous Pyramidal Microstructures. J. Comput. Electron. 2024, 23, 108–121. [CrossRef]

31. Xu, J.; Dong, Y.; Jiang, Z.; Tang, L.; Chen, X.; Yao, Z.; Cao, K. Self-Healing High-Performance Dielectric Elastomer Actuator with
Novel Liquid-Solid Interpenetrating Structure. Compos. Part A Appl. Sci. Manuf. 2021, 149, 106519. [CrossRef]

32. Li, G.; Xiao, P.; Hou, S.; Huang, Y. Graphene Based Self-Healing Materials. Carbon 2019, 146, 371–387.
33. Youn, J.H.; Jeong, S.M.; Hwang, G.; Kim, H.; Hyeon, K.; Park, J.; Kyung, K.U. Dielectric Elastomer Actuator for Soft Robotics

Applications and Challenges. Appl. Sci. 2020, 10, 640. [CrossRef]
34. O’Mahony, C.; Ul Haq, E.; Sillien, C.; Tofail, S.A.M. Rheological Issues in Carbon-Based Inks for Additive Manufacturing.

Micromachines 2019, 10, 99. [CrossRef]
35. Additive Manufacturing—An Overview|ScienceDirect Topics. Available online: https://www.sciencedirect.com/topics/

engineering/additive-manufacturing (accessed on 18 June 2024).
36. Bar-Cohen, Y.; Cardoso, V.F.; Ribeiro, C.; Lanceros-Méndez, S. Electroactive Polymers as Actuators. Adv. Piezoelectric Mater. 2017,

319–352. [CrossRef]
37. RECREUS TPU Filament Filaflex 60A, Flexible Filament for 3D Printing. Available online: https://recreus.com/gb/content/35

-filaflex?srsltid=AfmBOoq7kskhJGaYY-bJrlN9xAf8s6o3XxsNLH8lu7f2y9u7HO_MdAUo (accessed on 15 March 2024).
38. MG Chemicals Carbon Conductive Grease. Available online: https://mgchemicals.com/products/grease-for-electronics/

electrically-conductive-grease/carbon-conductive-grease/ (accessed on 7 July 2024).
39. LulzBot TAZ 6. Available online: https://lulzbot.com/store/taz-6 (accessed on 31 May 2024).
40. CELLINK Inkredible+ 3D Bioprinter. Available online: https://www.cellink.com/bioprinting/inkredible-3d-bioprinter/

(accessed on 19 June 2024).
41. Dr. Carbon Black Carbon Black Particle Size Distribution Ranges and Standards. Available online: https://www.dr-carbonblack.

com/carbon-black-particle-size-distribution-ranges-and-standards/ (accessed on 6 August 2024).
42. HAMILTON Needle Gauge Chart | Syringe Needle Gauge Chart | Hamilton. Available online: https://www.hamiltoncompany.

com/laboratory-products/needles-knowledge/needle-gauge-chart (accessed on 6 August 2024).
43. ASTM International. Standard Test Method for Tensile Properties of Plastics; ASTM International: West Conshohocken, PA, USA, 2022.
44. ANSYS, Inc. Ansys 2022 R2; ANSYS, Inc.: Canonsburg, PA, USA, 2022.
45. BK Precision LCR Meter, Model 879B. Available online: https://www.mouser.hk/ProductDetail/BK-Precision/879B?qs=tIX1

%252BsREhR%252B5KxGa3gD30A==&utm_id=9718327149&gad_source=1&gclid=EAIaIQobChMI-qqk6-mEiAMVcKVmAh1
WsATcEAAYASAAEgJtB_D_BwE (accessed on 6 August 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1117/12.917089
https://doi.org/10.1039/D2RA01291J
https://doi.org/10.1109/TMECH.2010.2089635
https://doi.org/10.1007/s10825-023-02116-7
https://doi.org/10.1016/J.COMPOSITESA.2021.106519
https://doi.org/10.3390/app10020640
https://doi.org/10.3390/mi10020099
https://www.sciencedirect.com/topics/engineering/additive-manufacturing
https://www.sciencedirect.com/topics/engineering/additive-manufacturing
https://doi.org/10.1016/B978-0-08-102135-4.00008-4
https://recreus.com/gb/content/35-filaflex?srsltid=AfmBOoq7kskhJGaYY-bJrlN9xAf8s6o3XxsNLH8lu7f2y9u7HO_MdAUo
https://recreus.com/gb/content/35-filaflex?srsltid=AfmBOoq7kskhJGaYY-bJrlN9xAf8s6o3XxsNLH8lu7f2y9u7HO_MdAUo
https://mgchemicals.com/products/grease-for-electronics/electrically-conductive-grease/carbon-conductive-grease/
https://mgchemicals.com/products/grease-for-electronics/electrically-conductive-grease/carbon-conductive-grease/
https://lulzbot.com/store/taz-6
https://www.cellink.com/bioprinting/inkredible-3d-bioprinter/
https://www.dr-carbonblack.com/carbon-black-particle-size-distribution-ranges-and-standards/
https://www.dr-carbonblack.com/carbon-black-particle-size-distribution-ranges-and-standards/
https://www.hamiltoncompany.com/laboratory-products/needles-knowledge/needle-gauge-chart
https://www.hamiltoncompany.com/laboratory-products/needles-knowledge/needle-gauge-chart
https://www.mouser.hk/ProductDetail/BK-Precision/879B?qs=tIX1%252BsREhR%252B5KxGa3gD30A==&utm_id=9718327149&gad_source=1&gclid=EAIaIQobChMI-qqk6-mEiAMVcKVmAh1WsATcEAAYASAAEgJtB_D_BwE
https://www.mouser.hk/ProductDetail/BK-Precision/879B?qs=tIX1%252BsREhR%252B5KxGa3gD30A==&utm_id=9718327149&gad_source=1&gclid=EAIaIQobChMI-qqk6-mEiAMVcKVmAh1WsATcEAAYASAAEgJtB_D_BwE
https://www.mouser.hk/ProductDetail/BK-Precision/879B?qs=tIX1%252BsREhR%252B5KxGa3gD30A==&utm_id=9718327149&gad_source=1&gclid=EAIaIQobChMI-qqk6-mEiAMVcKVmAh1WsATcEAAYASAAEgJtB_D_BwE

	Introduction 
	Literature Review and Foundational Concepts 
	Pneumatic Actuators 
	Electroactive Polymers (EAPs) 
	Dielectric Electroactive Polymers (DEAPs) 
	Integration of Sensors in Flexible Actuators 
	Additive Manufacturing and Flexible Sensors 
	Carbon Conductive Grease (CCG) in Actuators and Sensors 

	Materials and Methods 
	Material Selection 
	Manufacturing Process 
	Proof of Concept (Prototype 1 DEAP Sensor) 
	Manufacture of Dielectric Structure (Prototype 1) 
	Deposition of Conductive Grease into Dielectric Structure (Prototype 1) 
	Manufacture of Prototype 2 (DEAP Sensor + Pneumatic Actuator) 
	Manufacture of Dielectric Structure (Prototype 2) 
	Deposition of Conductive Grease into Dielectric Structure (Prototype 2) 

	Computational Simulations 
	Computational Simulations on Prototype 1 
	Computational Simulations for Prototype 2 

	Experimental Tests 

	Results 
	Discussion 
	Conclusions 
	References

