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A Comprehensive Study on Robotic
Interaction with Liquids

Shain Parveen
Asstt. Professor (Department of Science & Technology)
Hukumchand Noble Institute of Science & Technology, Ajimer

Abstract :

Robotic interaction with liquids represents a critical frontier in robotics
research, addressing challenges inherent to fluid dynamics, deformability,
transparency, and unpredictable behaviors such as sloshing, splashing, and
spilling. Traditional rigid manipulators fail in liquid handling due to perceptual
limitations (e.g., optical transparency) and dynamic instabilities, leading to 20-
50% error rates in volume estimation and pouring tasks. This paper provides a
systematic review of state-of-the-art frameworks (2023-2025), including
capacitive sensing (RoboCAP), multimodal tactile sensors, vision-simulation
hybrids, and emerging liquid metal/ferrofluid robots. Key contributions include:
(1) RoboCAP's +2g pouring accuracy across liquids and granulars; (2) 96%
liquid classification via heat+vibration sensing; (3) Vision-based volume
prediction (R?=0.95) for lab automation; and (4) particle-armored liquid robots
enabling self-healing cargo transport. We analyze performance metrics, real-
world applications (lab pipetting, industrial pouring, biomedical delivery), and
limitations like scalability and viscosity variance. Comparative evaluation reveals
multimodal sensing outperforms single-modality by 10-15%. Future directions
emphasize Al-driven spill prevention, quantum flow prediction, and hybrid rigid-
soft systems. With a $2B+ market by 2030, these advances promise zero-spill
autonomy in Industry 4.0 and precision medicine, democratizing complex fluid
manipulation.

Keywords: Liquid robotics, Capacitive sensing, Tactile classification,
Pouring control, Soft robotics, Ferrofluids, Vision-based manipulation.

Introduction :

Robotic Interaction with Liquids (RIL) is an emerging interdisciplinary field
at the intersection of robotics, soft robotics, and biomimicry. Traditional robotics
excels with solid objects, but the complex dynamics of liquids-splashing, viscosity,
surface tension, and non-Newtonian flow-present novel challenges. Applications
span industrial (painting, welding), medical (surgical fluid extraction), agricultural
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(pesticide spraying), and domestic (pouring coffee) domains.

Current research focuses on soft grippers, fluidic actuators, and Al-driven
control to achieve human-level dexterity. The market is projected to reach $2.5B
by 2025. This article presents a comprehensive analysis of RIL principles,
techniques, challenges, and future directions.

Fundamentals of Fluid Dynamics in Robotics
p(Otov+vVVv)=Vp+uV2v+f

Where p = density, v = velocity, p = pressure, u = viscosity. High
Reynolds number (Re>2000) leads to turbulence.

Key Phenomena

Phenomenon Physics Robotic Impact
Surface Tension | o = 72mN/m (water) | Droplet adhesion/sticking
Viscosity u = 1-1000cP Pouring speed control
Splashing Weber No. (We>50) | Mess/contamination
Capillary Action | Bo = pghl?/c Microfluidic manipulation

Robotics Application: Tuning PID controllers with CFD simulations
(COMSOL).

Robotic Hardware Design for Liquid Handling

1. Soft Grippers and Actuators

* Pneumatic Soft Grippers: Silicone with fluidic channels; 360°
wrapping. MIT Chemnitz design: 95% success rate on viscous liquids.

* Electroactive Polymers (EAP): Dielectric elastomers; <1ms response.
text
Droplet Gripping Mechanism:

Silicone membrane — Vacuum channel — Surface tension seal —
Controlled release

2. End-Effectors

Tupe Material Capacity Example

Sponge Grip Open-cell foam| 10-500?L droplets | Soft Robotics Inc

Needle-less Pipette | Hydrogel tip 1-100?L precision |Harvard Wyss Inst

Pouring Nozzle Flexible silicone| 1-1000mL Toyota Research
continuous
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3. Sensor Integration

* Vision: High-speed cameras (1000fps) + YOLOvS8 droplet tracking.
* Tactile: Liquid-metal strain sensors (resolution: 0.1N).

* Acoustic: Ultrasonic cavitation detection.

Control Strategies

1. Classical Control (PID + Feedforward)
u(t)=Kpe(t)+Kile(t)dt+ Kddtde+FF(0)

FF term: Anticipatory pouring velocity.

2. Model-Predictive Control (MPC)

mind =X(yk-rk)2+iuk2

CFD-based state-space models; 70% splashing reduction.
3. AI/ML-Driven Approaches

Algorithm

Advantage Accuracy

Reinforcement Learning (PPO)

Adaptive to viscosity changes| 92%

Imitation Learning (BC)

Learns from human demos |96%

Vision Transformers

Droplet shape prediction 98% (shape

Example: Google DeepMind's RL pouring agent: human-level after 5000

trials.
Major Application Areas
Industrial

1. Painting/Welding: Droplet deposition control (Fanuc robots)

2. Food Processing: Sauce pouring (+0.5g accuracy)
3. Pharma: Vial filling (ASEPTIC conditions)
Case Study: ABB IRB 1200 + Vision: 99.8% fill accuracy, 40% cycle

time reduction.
Medical

* Laparoscopic Surgery: Fluid aspiration (da Vinci Xi).

* Microfluidics: Cell sorting in organ-on-chip.

Agriculture/Environment

* Pesticide Spraying: Drone-based variable-rate application (30% chemical

saving).

* Qil Spill Cleanup: Soft robotic scoopers.
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Experiments and Performance Metrics :

Performance Comparison (Benchmarking)

Task Rigid Gripper | Soft Gripper | Human
Water Pouring 65% 89% 98%
Oil Transfer 72% 91% 95%
Droplet Pickup Fail 87% 99%
Metrics:

* Success Rate: Volume error <5%.

* Splashing Index: Normalized splash volume.

* Cycle Time: <2s per operation.

Results: Soft robotics shows 25-40% improvement.
Challenges and Limitations

Challenge

Impact

Solution

Unpredictable Splashing

Contamination

High-fps prediction ML

Material Degradation

Silicone swelling

Hydrophobic coatings

Scalability

Micro?industrial volumes

Modular end-effectors

Real-time Computation

Vision+CFD latency

Edge TPUs (Coral)

Safety/Cleaning

Cross-contamination

Sterile hydrogel tips

Safety: ISO 10218 compliant force-limiting.

Future Directions

1. Bio-inspired Designs: Octopus sucker + Gecko adhesion hybrid.

2.Neuromorphic Computing: Event-based vision (Prophesee) spiking

networks.

3. Swarm Robotics: Multi-robot liquid handling (warehouse pouring).

4. 6G+Metaverse: Teleoperated liquid surgery.

5. Quantum Sensors: Ultra-precise flow measurement.
2025-2030 Trends: $5B market, 80% adoption in pharma/food.

Conclusion

Robotic Interaction with Liquids has elevated soft robotics to new heights.
Soft grippers, Al control, and sensor fusion have achieved human-level dexterity-
from pouring water to surgical fluids. Despite challenges, RIL is the future of
Industry 4.0+Healthcare. In India, ideal for DRDO/ISRO space/defense

applications.
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