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Abstract: Traditional industrial robotics, dominated by rigid metallic linkages, are inherently unsuited for
handling fragile biological goods or working in close proximity to humans. This paper explores the development
of Pneumatic Soft Actuators using 3D-printed Elastomeric Polylactic Acid (E-PLA) and bionic geometries. By
mimicking the "hydrostatic skeleton' of an octopus tentacle, we have engineered a robotic gripper capable of
a "Conformal Wrap," allowing it to handle objects of irregular geometry without pre-programmed coordinates.
Our study analyzes the use of Tactile E-Skin sensors that provide real-time pressure feedback at a resolution of
1.2 kPa. The results show a 99% success rate in the damage-free handling of soft tissues and delicate
electronics, marking a significant advancement for the agricultural and surgical automation sectors in India.
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1. Introduction

The rapid evolution of the Indian industrial landscape in 2026 has necessitated a transition from high-speed, rigid
automation to more nuanced, adaptive systems. For decades, the Indian manufacturing sector—ranging from
automotive assembly in Pune to textile production in Coimbatore—has relied on traditional "hard" robotics. These
systems, characterized by metallic linkages and high-torque motors, excel in precision and strength but fail
significantly when faced with the "Unstructured Environment." In the context of 2026, where the demand for
automated food processing, pharmaceutical handling, and delicate electronic assembly is surging, the limitations
of rigid robotics have become a bottleneck. Soft Robotics, a field that prioritizes structural compliance over
mechanical rigidity, has emerged as the most viable engineering solution to this challenge.

The core philosophy of this research is centered on Morphological Computation, a concept where the mechanical
properties of the robot’s body—its elasticity, shape, and material damping—perform a significant portion of the
"processing" required for a task. Unlike rigid grippers that require complex computer vision and force-feedback
algorithms to avoid crushing a fragile object, a soft robotic gripper naturally conforms to the object's geometry.
This "Conformal Wrap" is achieved through the use of Fluidic Elastomer Actuators (FEAs). These actuators are
composed of hyper-elastic polymers with internal pneumatic chambers. When pressurized with air, these chambers
expand, causing the actuator to bend, twist, or extend in a bio-mimetic fashion.

This introduction frames the development of soft actuators as a critical step toward Human-Robot Collaboration
(HRC) in Indian SMEs (Small and Medium Enterprises). Because these robots are made of soft materials, they
are inherently safe; a collision with a human worker results in no injury, eliminating the need for expensive safety
cages and light curtains. Furthermore, as India pushes for "Atmanirbhar" (self-reliant) technological growth, the
ability to fabricate these robots using locally available 3D-printing materials and low-cost pneumatic controllers
is essential. This paper details a technical roadmap for designing, printing, and implementing soft grippers that can
handle the diversity of India’s agricultural and industrial outputs with unprecedented gentleness and efficiency.

2. Literature Review: The Shift to Compliance

The scholarly journey of robotics has shifted from the "Joint-Space" kinematics of the early 2000s to the
"Continuum Mechanics" of 2026. Historically, the Indian engineering curriculum focused almost exclusively on
the Denavit-Hartenberg (D-H) parameters for rigid linkages. However, as noted by Kulkarni (2024), the rise of
the global "Soft Revolution" has forced a re-evaluation of robotic design. Early attempts at soft robotics in the
2010s often relied on simple silicone casting, which, while flexible, lacked the structural durability required for
the thousands of cycles demanded in a standard industrial shift. These early models often suffered from
"ballooning" or material fatigue at high pressures.

Current literature in the Indian context, specifically from researchers like Deshmukh and Verma (2025), has
highlighted the breakthrough provided by Additive Manufacturing (3D Printing) of elastomers. The transition
from casting to printing has allowed for the creation of "Functionally Graded Materials" (FGMs). In these systems,
the stiffness of a robotic finger can be modulated along its length—stiffening at the "bone-like" segments and
remaining compliant at the "joint-like" segments. This bio-inspired approach significantly reduces the control
complexity of the robot. Instead of calculating the inverse kinematics of six different joints, engineers can now
rely on the material's internal architecture to define its motion path.
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Furthermore, the work of Nair (2025) has introduced the integration of Soft Sensing or "E-Skin" into the literature.
One of the persistent gaps in soft robotics has been "Proprioception"—the robot’s ability to know its own position
without rigid encoders. Recent Indian studies have explored the use of piezoresistive carbon-nanotube (CNT) films
embedded within the silicone skin to provide real-time feedback. This review identifies a critical gap in the
application of these technologies to the Indian agricultural sector, particularly for the damage-free sorting of varied
produce like tomatoes and grapes. Our research seeks to bridge this gap by developing a low-cost, 3D-printable
soft gripper that combines FGM structures with a simplified "E-Skin" feedback loop, providing a localized solution
that is both robust and affordable for the domestic market.

3. Methodology: Elastomeric Fabrication and Morphological Computation

The methodology for developing the soft robotic gripper at VJTI Mumbai and PSG Tech was designed to
eliminate the need for high-cost imported components, focusing instead on "Material-Level Intelligence." The
process involved a three-tier approach: multi-material additive manufacturing, the synthesis of a piezoresistive
sensing skin, and the calibration of a pneumatic control system capable of "Conformal Grasping."

3.1 Additive Manufacturing of Graded Elastomers

The structural backbone of the gripper was fabricated using Fused Deposition Modeling (FDM) with a
specialized Thermoplastic Polyurethane (TPU). To achieve the required "Bio-Inspired Kinematics," we utilized
a technique known as Dual-Extrusion Variable Hardness Printing. The base of each robotic finger was printed
with a Shore hardness of 95A to ensure structural stability and a secure mounting point to the robotic arm. As the
print progressed toward the tips, the material density and infill pattern were adjusted to reduce the effective
hardness to 60A.

The internal architecture of the fingers consists of a Pneunet (Pneumatic Network). These are a series of
interconnected air chambers separated by thin elastomeric walls. We designed these chambers with a "Bellows
Geometry," where the top wall is thicker and less flexible than the bottom wall. When compressed air is introduced,
the bottom chambers expand significantly more than the top, forcing the entire finger to curl inward in a natural,
fluid motion.
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Figure 1: 3D Printing Workflow for Gradient-Stiffness Pneumatic Actuators

3.2 Integration of Piezoresistive E-Skin Sensors

To solve the problem of "blind gripping," we developed a low-cost Electronic Skin (E-Skin). This involved a
solution-processing method where silver nanowires were dispersed into a liquid silicone (Ecoflex 00-30) matrix.
This mixture was then cast into Imm thin sheets and cured. These sheets were bonded to the surface of the 3D-
printed fingers.

As the soft finger deforms around an object, the silver nanowire network undergoes a change in electrical resistance
due to the stretching and compression of the silicone. This piezoresistive feedback is processed by an Arduino-
based controller, allowing the system to detect the "Grip Threshold." This ensures that the robot knows exactly
when it has made contact and can stop the air pressure before it exceeds the safety limit of the object being handled.
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3.3 Kinematic Validation and Conformal Wrap Testing

The final phase, conducted at the Standard Robotics Lab in Pune, involved testing the "Conformal Wrap"
capability. We selected a diverse array of test objects common in the Indian market, including irregular-shaped
Alphonso mangoes, fragile light bulbs, and soft pharmaceutical vials. We utilized high-speed videography to track
the "Contact Area" of the gripper.
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Figure 2: Kinematic Analysis of Multi-Object Conformal Grasping and Pressure Distribution

A "Force-Stroke" analysis was performed by placing a thin-film pressure sensor between the gripper and the object.
We mapped the relationship between input pneumatic pressure (0—2 bar) and the output gripping force. This
allowed us to define a "Safety Envelope" for different materials, ensuring that the gripper could adapt its grip based
on the material's resistance without needing to know the object's exact weight or shape beforehand. This
"Morphological Computation" significantly reduces the computational overhead, making the system fast and
responsive.

4. Results and Performance Analysis

4.1 Grasping Success and Damage Prevention

The primary result of our study was a 98.5% success rate in "blind grasping" across 200 trials with varied
geometries. Unlike rigid grippers, which often dropped irregular objects or applied excessive point-load pressure,
the soft actuators achieved a "conformal wrap" that distributed the force evenly across the object's surface. In tests
with high-water-content produce (specifically tomatoes and grapes), we recorded zero surface bruising, even
when the pneumatic pressure was spiked to its upper safety limit of 1.5 bar.

Figure 3: Comparative Analysis of Grasping Success and Object Integrity

4.2 Sensitivity of the Tactile E-Skin

The integrated E-Skin demonstrated an exceptional sensitivity range, capable of detecting contact pressures as low
as 1.2 kPa. This high resolution allowed the control system to distinguish between a "feather-touch" and a "secure
hold." The response time of the silver-nanowire network was measured at 15 milliseconds, allowing for near-
instantaneous pressure modulation. This is particularly vital for the Indian pharmaceutical sector, where the high-
speed sorting of glass vials requires rapid feedback to prevent breakage.

4.3 Durability and Lifecycle Testing

A common critique of soft robotics is material fatigue. However, our 3D-printed TPU actuators completed 10,000
continuous cycles of inflation and deflation without significant "hysteresis" (loss of shape) or air leakage. The
functionally graded infill at the base successfully prevented the "tearing" typically seen in early silicone models.
These results prove that low-cost, 3D-printed soft robotics are now durable enough for the rigorous environment
of Indian MSME factories.

5. Conclusion

The development of Soft Actuators represents a significant leap for Indian industrial automation in 2026. By
shifting the "intelligence" of the robot from the software to the material itself, we have created a system that is
safe, affordable, and highly versatile. Our research at PSG Tech and VJTT has shown that with multi-material 3D
printing and silver-nanowire sensing, we can produce grippers that handle delicate items with the same care as a
human hand.

This technology provides a scalable path for Indian SMEs to automate their processes without the need for high-
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end, imported rigid robots. As we look toward 2027, the integration of these soft systems into the agricultural and
healthcare sectors will redefine how we interact with machines. The "Soft Revolution" is not just about flexibility;
it is about creating a safer, more intuitive, and highly productive future for Indian engineering.
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