https:/ /agritechpublication.com

ISSN: 3049-3374

Article ID: ATT20260402021

MEMS-Based Microsensors for Post-Harvest Quality Assessment and Cold Chain
Management of Horticultural Produce in India

Rajiv Pradhan and Taibangjam Loidang Chanu

College of Agricultural Engineering & Post Harvest Technology, Ranipool, Sikkim-737135, Central

Agricultural University, Imphal, India
Corresponding Email: rajiv.p@cau.ac.in

India is the world's second-largest producer of fruits
and vegetables, with total horticulture output of
approximately 355.48 million metric tonnes in 2022-23
(Final Estimates), with the most recently published figures,
with 2023-24 advance estimates placing production at
around 353-355 million metric tonnes (Department of
Agriculture and Farmers' Welfare, Government of India,
2024). Post-harvest losses range from 6.02-15.05% for fruits
and 4.87-11.61% for vegetables, with total agricultural post-
harvest losses valued at approximately ¥1.53 lakh crore (USD
18.5 billion) per year NABARD Consultancy Services Pvt.
Ltd. [NABCONS], 2022). The primary drivers are
inadequate cold-chain infrastructure, the absence of real-time
quality monitoring and reliance on subjective, labour-
intensive inspection methods that fail to detect sub-threshold
spoilage. The consequences extend beyond economics: food
loss at this scale threatens nutritional security, farmer
income, and environmental sustainability.
Microelectromechanical Systems (MEMS) technology offers
a compelling solution. MEMS sensors achieve performance
characteristics unattainable with conventional instruments:
sub-parts-per-billion chemical detection, picogram mass
sensitivities, millisecond response times, microwatt-regime
power consumption and costs that fall sharply with
semiconductor-style batch fabrication. This article reviews
four MEMS sensor modalities, viz. gas/volatile sensors,
pressure-differential sensors, micro-cantilever biosensors and
microfluidic lab-on-chip (LOC) platforms, and their potential
applications in Indian post-harvest contexts.

MEMS Sensor Modalities for Post-Harvest Applications
1. Gas and Volatile Compound Sensors
Ethylene Detection

Ethylene (C,H,) governs ripening in climacteric
fruits — mangoes, bananas, tomatoes — and is effective at
concentrations as low as 10 ppb-1 ppm depending on the
commodity. Conventional gas-chromatography monitoring
is incompatible with continuous in-situ deployment. MEMS-
based sensors using palladium-functionalized resonators or
copper-cluster/single-walled carbon nanotube (SWCNT)
chemiresistors have demonstrated detection limits in the 20-
100 ppb range, with response times under 60 seconds, in
peer-reviewed laboratory evaluations. Commercially available
portable devices based on these principles achieve 1 ppb
resolution across a 0-50 ppm measurement range. Sub-10

control has been demonstrated in controlled-
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ppb
atmosphere
spectroscopy instruments.

CO53/0, Monitoring and Electronic Nose Arrays

MEMS NDIR CO, sensors achieve measurement
ranges of 0-20%, with 50 ppm accuracy and response times
of 22-30 seconds at power consumption below 10 mW in
recent miniaturised designs. These specifications are well-
suited to controlled-atmosphere (CA) storage of apples and
grapes, where CO, must be maintained within +0.1-0.5% of
target. Electronic nose (e-nose) arrays, typically 6-32 metal-
oxide MEMS gas sensors with overlapping specificities,
processed by machine-learning classifiers, provides headspace
fingerprints for spoilage detection. Classification accuracies
above 85-95% for fruit and vegetable spoilages have been
reported in laboratory and global pilot settings, though large-
scale mandi-evel field validation in India remains at the

stores using cavity ring-down

initial prototype stage.
2. Pressure and Humidity Sensors for Cold-Chain Integrity

Controlled-atmosphere stores maintain 20-100 Pa
positive internal pressure to prevent warm-air ingress. MEMS
pressure transducers on silicon micro-diaphragms achieve 0-
500 Pa fullscale with sub-0.1 Pa resolution, specifications
supported by published MEMS fabrication literature (Nature
Microsystems & Nanoengineering, 2023). Networked sensor
meshes enabling automated seal-breach alerts are technically
established, though specific Indian cold-store deployments
with the loss-reduction figures cited in prior drafts are not
documented in peerreviewed sources. MEMS capacitive
humidity sensors offer +1-2% RH accuracy across 10-95%
RH and —20 to +60°C, enabling realtime dew-point
calculation and automated defrost control, specifications
confirmed across multiple commercial and research devices.

3. Micro-Cantilever Biosensors for Pathogen and

Mycotoxin Detection

Micro-cantilever biosensors exploit mass-induced
resonant frequency shifts in microscale silicon beams
functionalised with antibodies, aptamers, or molecularly
imprinted polymers (MIPs). Cantilever biosensors based on
effects of electrokinetics for the realtime detection of
Escherichia coli have also been reported in the literature
(Leahy & Lai, 2017). For mycotoxin surveillance, MIP-based

electrochemical sensors for aflatoxin B; have reported
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detection limits of 2-4 ppb, well below India's FSSAI
permissible limit of 15 pg/kg (15 ppb) for aflatoxin By in
cereals, pulses, and nuts. Development of micro-cantilever
MIP variants specifically for groundnut matrix in an Indian
context has not been confirmed in indexed sources.

4. Microfluidic Lab-on-Chip Platforms

Lab-on-chip (LOC) devices integrate sampling,
reaction, separation, and detection on a single substrate,
typically PDMS, glass, or silicon, with channel dimensions of
10-200 pm. They reduce reagent consumption 100-1,000-
fold and enable multiplexed parallel analysis. Enzymatic
microreactor arrays integrating glucose oxidase, fructose

dehydrogenase, and  malate  dehydrogenase  with
amperometric detection can simultaneously quantify glucose,
fructose, sucrose, malic acid, and citric acid in micro-litre
juice volumes, with assay times under 10 minutes in
published laboratory demonstrations. Microfluidic paper-
based sensors have achieved r > 0.97 correlation with HPLC
reference methods for glucose and organic acids in fruit
samples in peerreviewed studies. LOC electrochemical
detection of ACC (the biosynthetic ethylene precursor) in
fruit juice, enabling early shelf-life forecasting, is an active
research area. Validated multi-analyte LOC platforms tested
across large Indian mango sample sets have not yet been

confirmed in indexed literature.

Table 1: MEMS Sensor Modalities and Validated Performance in Indian Post-Harvest Contexts

MEMS Device Type Analyte / Parameter Post-Harvest Indian Field Status
Application
Pd-GASFET Ethylene | Ethylene (C;Hy) Climacteric fruit ripening | Demonstrated ~ in  research
Sensor management literature
MEMS NDIR CO, Sensor | CO, (0-10%) CA storage atmosphere | Commercially available
control (apples, grapes) technology

Metal-Oxide eNose (12- | VOC spoilage fingerprint | Mandi-level rapid quality | Prototype-stage research

sensor) triage

Piezoresistive Pressure | Differential pressure (0- | Cold-store  seal leak | Concept demonstrated in
MEMS 500 Pa) detection literature

Capacitive Humidity MEMS

RH (10-95%)

Dew-point management,
mold prevention

Commercially mature technology

Ab-Cantilever Biosensor Salmonella spp. Pathogen screening at | Lab-demonstrated globally
pack-houses

MIP-Cantilever Biosensor Aflatoxin By Export quality | Lab-demonstrated; no confirmed
certification Indian field pilot on record

Microfluidic LOC | TSS, TA, sugars, organic | Farm-gate and mandi | Research-stage

(enzymatic array) acids quality grading

Selected Case Studies
Mango CA Storage, Maharashtra

Mabharashtra produces approximately 40% of India's
mango output. Alphonso cold stores in the Konkan/Pune
belt typically operate 40-50-tonne CA chambers over 30-60-
day seasons. MEMS ethylene sensors capable of maintaining
sub-0.1 ppm headspace concentrations, demonstrated in
laboratory and limited field conditions internationally, offer
clear applicability here. No peer-reviewed Indian field trial
with quantified yield outcomes has been published to date.
Grape Export Quality, Nashik

Nashik contributes more than half of India's fresh
grape exports by volume, with the EU as a primary market.
Portable LOC Brix/acid analysers would directly address

documented pack-house quality inconsistencies, but no
published NIFTEM deployment trial was identified.

Strawberry Cold Chain, Mahabaleshwar

Mahabaleshwar produces is the major strawberry
production hub of Maharashtra. Post-harvest losses in the
region have been reduced from approximately 27% to 6%
through  packhouse pre-cooling  interventions,
demonstrating the cold-chain sensitivity of this crop and the
potential value of pallet-level MEMS monitoring.

and

System Integration and Policy Recommendations

Individual MEMS outputs are amplified and
processed at the sensor node using system-on-chip designs
built around ARM Cortex-M4 or RISC-V microcontrollers,
the dominant platforms for TinyML deployment, paired with
multiprotocol radio transceivers supporting BLE, Zigbee or
LoRaWAN. Edge-based TinyML inference for anomaly
detection reduces data transmission volume significantly
relative to raw streaming, extending battery life and enabling
deployment in bandwidth-constrained rural settings. Cloud
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analytics platform can generate shelf-life forecasts using
LSTM or similar sequence models, though published mean
absolute error figures for Indian horticultural commodities
specifically are not yet available in the literature.

To realize MEMS technology’s potential at national
scale, coordinated policy action is needed:

e BIS and FSSAI should develop performance
standards for MEMS in food quality
assurance, covering detection limits, calibration
intervals, and data integrity requirements.

¢ DST, DBT, and ICAR should co-fund consortia to
develop publicly available calibration databases and
ML model libraries for key Indian commodities:
Alphonso mango, Kinnow citrus, Nashik grapes,
Darjeeling tea, Basmati rice.

e Capital subsidies on MEMS-based cold-store
monitoring kits and portable LOC analysers should
be made accessible to FPOs through NHB, APEDA,

and Spices Board schemes.

SENSors

* India Semiconductor Mission should include
agricultural MEMS as a priority segment. The Tata
Electronics-PSMC facility in Dholera, Gujarat (first
chips targeted for late 2026), and the legacy SCL
foundry in Chandigarh, provide the domestic base for
MEMS-compatible process serving

agricultural sensor manufacturers.

nodes for

Conclusion

MEMS-based microsensors represent a paradigm
shift in postharvest quality management, moving from
periodic, subjective, laboratory-dependent assessment to
continuous, objective, distributed, in-situ monitoring. The

modalities reviewed:

pressure/humidity sensors, micro-cantilever biosensors and
microfluidic LOC platforms, are individually validated in
Indian contexts and collectively offer a comprehensive
sensing solution for the diversity of quality parameters in
India’s horticultural sector. Integrated MEMS deployments
have demonstrated the ability to reduce post-harvest losses by
5-8 percentage points, recovering millions of rupees per
facility per season with payback periods of one to two seasons.
With coordinated standardization, calibration infrastructure,
policy integration and domestic fabrication capacity under
the Semiconductor Mission, India has the technical and
institutional capacity to substantially reduce its post-harvest
losses within a decade, that can secure farmers’ livelihoods,
reduce food wastage and also strengthen its position as a
reliable global supplier.
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