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Abstract

The development of biological, chemical and medical research had been possible due to implementation of
a variety of low-cost, high-performance microscale devices in the consumer electronics and automotive markets
through Microelectromechanical systems (MEMS) technology. Despite having huge socio-economic impact, not
many studies have been performed in MEMS technology in the area of plant science and technology. In this review,
a few examples and applications of our microfluidic devices to overcome this issue. With the help of MEMS devices,
multiple model plants can be grown under various biotic and abiotic stress conditions. Through this platform, root and
shoot phenotypes along with plant-pathogen interactions at high throughput can be easily monitored. Additionally,
this platform provides the base for simultaneous characterization of different genotypes at physiological, biochemical
and molecular levels. Large scale use of nitrogen fertilizer has led to various adverse effects on the environment,
including loss of biodiversity, pollution of water, reduced crop productivity, and global climate change. There are
various microfluidic sensors available which can measure nitrate in soils and quantify nutrient uptake of plants from
surrounding environments in a real-time manner. Through the techniques available to measure availability of plant
nutrients in soils, it is possible to use fertilizers efficiently, thereby leading to advancement of sustainable agriculture

and environment.
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Introduction

In 1986, the Micro Electro Mechanical System (MEMS) was first
presented. From thattime onwards, billions of devices were manufactured
and marketed across the globe. Today, multiple devices use MEMS
technology such as inkjet printer (printer heads), accelerometers and
gyroscopes (modern car airbags, cell phones, drones, game controllers,
digital cameras, gadgets, among others), microphones, pressure sensors,
media projectors, bio-MEMS application in biomedical transducers
health care (Lab-on-Chip) etc. It can be deduced from these examples,
consumer goods, material science, electronics, that automotive, and
health are the focus areas for MEMS. Also, in agriculture MEMS is used
as a supplementary technology (such as drones used to monitor crop
growth). However, with the idea of precision agriculture (PA) which
states that fields should be managed by zones instead of whole fields to
increase profitability and the Internet-of-Things (IOT) has the capability
to transform the world we live in; for communication, increasing use
of MEMS devices in agriculture will be seen However, the application
of technology like IoT in agriculture could have the greatest impact.
MEMS will form a significant component of the new information age.
MEMS market is forecasted to almost double from $11 billion in year
2014 to $21 billion in 2020 (2-digit annual growth, Figure 1 [1].

Due to availability of better bio-medical, bio-chemical sensors and
energy harvesters, MEMS market is forecasted to grow. Apart from
other types of MEMS devices, the demand for effective farming and
surge in use of IoT devices in agriculture, can lead to development of
agriculture-exclusive MEMS sensors.

Main Parameters Used in Agriculture

For ease of understanding, the primary agricultural parameters
were grouped into agricultural conditions, which includes environment
and soil and agricultural products, which include livestock.

Environment

The group of parameters mentioned above are not exclusive
to agriculture. For instance, air temperature and humidity form a
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Figure 1: MEMS Sensor market forecast: 2014-2020 value (in B$, adapted from
yole Development, April 2015) [1].

significant part of industrial control system and human comfort. Some
other parameters include wind directions, velocity and solar radiations.
From the whole spectrum of solar radiation, only the most important
light sensor (photosynthetically Active Radiations-PAR) will be
addressed.

MEMS humidity sensor: Presently, majority of humidity
sensors have built in electronic system for calibration, temperature
compensation and can digitally read measured humidity and
temperature values. A fine review of some miniaturized humidity
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sensors [2]. Today, the most popular commercial and industrial
application for environment monitoring. Humidity sensors are of
two types of sensors are resistive and capacitive humidity sensors.
Although the resistive humidity sensors are easily fabrication and the
simple readout circuits, the drawbacks of long recovery time and low
stability limit their applications (Figure 2) [3,4]. Several advantages of
the capacitive humidity sensors such as low power consumption, wide
temperature range, and long-term stability, but the readout circuits may be
complex for high precision applications [5-7].

Photosynthetically active radiation sensors (PAR): Measure
the light needed for growth with the PAR sensor. Plants cannot
grow without light in the Photosynthetically Active Radiation (PAR)
spectrum. Together with CO, and water, PAR is the main factor
necessary for photosynthesis. The more PAR a plant receives, the more
potential that plant has for growth. Photosynthesis occurs best in the
light wavelength range known as photosynthetically active radiation.
Photosynthesis process acquire light energy in the optimal range of
400-700 nm (Figure 3) [8]. Multiple photodiodes such as selenium and
cadmium sulfide, lead sulfide, silicion (Si), lead selenide and gallium
arsenide phosphide (GaAsP) etc. can be used to measure light in the
visible range. Amongst these photodiodes, Si (e.g., S1087 Si photodiode
[9] and GaAsP are the most valuable. LI-CORE quantum sensor
(L1-190 SA or SB) measures photosynthetic active radiation, uses Si
photodiode (blue enhanced). Optical fibre is present in all PAR sensors.
PAR sensors are developed at low cost.

Measuring soil temperature and moisture using MEMS sensor:
The exchange of water and heat energy between the land surface
and the atmosphere is controlled by soil moisture and temperature
through evaporation and plant transportation. Consequently, an
important role is played by soil temperature and moisture in building
of weather patterns and the production of precipitation and irrigation.
Micromachined MEMS cantilever beams containing a water sensitive
nano-polymer and an on-chip piezo resistive temperature sensor form
the temperature and moisture MEMS sensors (Figure 4) [10].

MEMS solar radiation sensor: In order to detect photosynthetic
active radiation, Si (or GaASP) photodiode with a Fabry-Perrot filter
can be made in the range of 400-700 nm or a wider spectrum [11,12].

Soil

Soil moisture content and electrical conductivity are two of the two
most important parameters are used in agriculture. There are two major
soil Nowadays, soil pH is used more often as a parameter for measuring
crop productivity and also used as a tool to identify areas where
adequate fertilization has occurred. Single (or dual) probe heat-pulse
method (SPHP or DPHP) is one of the methods used for measuring soil
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Figure 2: The system of the humidity sensor for static measurement [7].
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Figure 3: PAR sensor response.

Figure 4: Soil moisture sensor.

volumetric moisture content. Apart from soil moisture, these methods
help to read other parameters such as soil temperature, water flux,
soil thermal properties (thermal conductivity, thermal diffusivity and
specific heat capacity) [13-16]. Electrical conductivity readings can also
be read from the same probe (needle like and conductive) [17,18]. Ion-
sensitive field effect transistor (ISFET) is normally used for measuring
pH in soil. ISFET is made up of an ion-sensitive electrode (in the case
of pH) and a FET.

MEMS soil sensors: MEMS sensors have been developed by some
researchers in order to determine soil moisture. In one of the early
examples, CMOS devices were built into needles [18] in the order of
millimetres, but it cannot be considered as an excellent MEMS device.
Some scientists use sensors or methods used for measuring air humidity
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to measure soil moisture (with different encapsulation-porous
medium) [10]. These devices measure soil moisture tension (usually
measured with a testiometer) and not soil moisture content. Also, [19]
have developed a sensor based on poly (3,4-ethylenedioxythiophene),
polystyrene sulfonate (PEDOT-PSS) conductive polymer (Figure 5).

Agricultural crops

In order to achieve optimal plant growth and quantity, plant
growers can use automated plant response monitoring which leads
to improved climate regulation [20]. For example, sap flow gauges
to measure sap flow [21], displacement transducers to measure stem
diameter fluctuations also applied to fruit width [22] and detect surface
moisture of leaves. There are few MEMS devices based on the inherent
dimensions of the device used for the parameters to be measured. These
devices measure sap flow (or stem water potential) and leaf wetness.

Stem/fruit width: In order to measure stem or fruit width, sensors
measure the mechanical displacement occurred at a cuff placed around
stem (E.g. Ecomatik Diameter Dendrometer small-DDS) shown in
Figure 5 or the fruit (e.g. Dinamax plant growth sensors [23], shown
in Figures 6 and 7. Usually, linear variable, differential transformer
(LVDT) is used by these devices for measuring displacements leading
to stem or fruit width. A device which measures stem width based on
strain gauges [24].

S S

R

Figure 6: Ecomatik diameter dendrometer.

Figure 7: The Dinamax plant growth sensor.

J

MEMS body temperature: Generally, the body temperature
parameter in MEMS device used in livestock is part of multisensory
device. This device, which is used for estrus detection. An implantable
device has been developed to measure cellulose content in rumen [25].

Other MEMS Devices

Some new MEMS devices have been developed recently in the
agriculture area. One such device is a complete weather monitoring
system, while other device studies mechanism for root growth.

MEMS to monitor root growth

In order to quantitatively evaluate physical interaction between
root and soil, a silicon-based microchannel device combined with force
displacement sensors have been developed which simulates a barrier
in soil.

MEMS microchip based capillary electrophoresis sensor

Plants provide a defense mechanism against various pathogens
or biotic stress through various strategies. Plants respond to fungal
invasion by activating defense responses associated with accumulation
of pathogenesis related proteins (PRs), which prevent pathogen
infection. CE is an important separation and detection of a wide range
of analytes ranging from heavy metal ions to detection of phenolic
acid in extracts from plant and samples. Analysis of PRs proteins
through micro electromechanical systems (MEMS) based capillary
electrophoresis (CE) tool in taramira (Eruca sativa Mill.) cultivars to
pathogen was investigated in 15 and 25 days old plants [26].

Conclusion

This review cited multiple MEMS device used in the agricultural
domain. These devices were used as humidity sensor, wind, speed,
velocity sensor and solar radiation sensor. Also, the use of MEMS device
to sense soil moisture was presented. MEMS devices are used for various
purpose in agriculture such as to determine water potential in stem
and leaves moisture sensor. Measurement of body temperature is an
important parameter when studying livestock stress. It can be deduced
from various MEMS device presented in this paper that these devices
can be promisingly applied to sense physical parameters commonly
used in agriculture, but more work needs to be performed in order to
refine them and use their full potential. Currently, most of the MEMS
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work in agriculture is confined to laboratories. However, transitioning
to in situ application seems feasible. Some of the major advantages of
using MEMS devices are: small size, large scale economic production,
low power consumption and built in electronics (for auto-calibration,
digital compensation, self-testing and digital communications).

References

1.

Bariain C, Matias IR, Arregui FJ, Lopez-Amo M (2000) Optical fiber humidity
sensor based on a taperes fiber coated with agarose gel. Sens Actuators B
Chem 69: 127-131.

Rittersma Z (2002) Recent achivements in miniaturized humidity sensors- a
review of transduction techniques. Sens Actuators A Phy 96: 196-210.

Farhani H, Wagiran R, Hamidon MN (2014) Humidity sensors principle,
mechanism and fabrication technologies: A comprehensive review. Sensors
14: 7881-7939.

Lee CY, Lee GB (2005) Humidity sensors: A review. Sens Lett 3: 1-14.

Chen Z, Lu C (2005) Humidity sensors: A review of materials and mechanisms.
Sens Lett 3: 274-295.

Fenner R, Zdankiewicz E (2001) Micromachined water vapor sensors: A review
of sensing technologies. IEEE Sens J 1: 309-317.

Huang JQ, Li Fei, Zhao M, Wang K (2015) A Surface Micromachined CMOS
MEMS Humidity Sensor. Micromachines 6: 1569-1576.

Fitch K, Kemker C (2014) Solar radiation and photosynthetically active radiation.
Hamamatsu (2014) S1087/s1133 series of Si photodiodes.

10. Jackson T, Mansfield K, Saafi M, Colman T, Romine P (2008) Measuring soil

temperature and moisture using wireless MEMS sensors. Measurement 41:
381-390.

11. Hirokubo N, Komastu H, Hashimoto N, Sonehara M, Sato T (2012) Wideband

visible wavelength range MEMS Fabry- Perotunable filter with calibration
system. IEEE Sensors, Pp: 1-4.

12. Hirokubo N, Komastu H, Hashimoto N, Sonehara M, Sato T (2013) Wideband

visible wavelength range MEMS Fabry- Perot tunable filter with highly accurate
calibration system. IEEE Sens J 13: 2930-3936.

13. Bilskie J, Horton R, Bristow K (1998) Test of a dual-probe heat-pulse method

for determing thermal properties of porous materials. Soil Sci 163: 346-355.

20.

21.

22.

23.

24.

25.

26.

.Ham J, Benson E (2004) On the construction and calibration of dual probe heat

capacity sensors. Soil Sci Soc Am J 68: 1185-1190.

. Heitman J, Horten R, Ren T, Ochsner T (2007) An improved approach for

measurement of coupled heat and water transfer in soil cells. Soil Sci Soc Am
J 71: 872-880.

.Ren T, Noborio K, Horton R (1999) Measuring soil water content, electrical

conductivity and thermal properties with a thermos-time domain reflectometry
probe. Soil Sci Soc Am J 63: 450-457.

.Hopmans J, Mori Y, Mortensen AP, Khiuitenberg G, Tuli A, et al. (2006)

Multifunctional heat pulse probe measurement of water, heat and solute
transport in the vadose zone. The 18" World Congress of Soil Sciences.

. Valente A, Morais R, Tuli A, Hopman J, Kluitenberg G (2006) Multifunctional

probe for small scale simultaneous measurement of soil thermal properties,
water content and electrical conductivity. Sens Actuators A Phys 132: 70-77.

. Liu J, Agarwal M, Varahramyan K, IV ESB, Hudo WD (2008) Polymer based

microsensor for soil measurement. Sens Actuators B Chem 129: 599-604.

Bleyaert P, Vermeulen K, Steppe K, Dekock J (2012) Evaluation of a sensor
for online measurements of stem diameter variation of leafy vegetables. Acta
Hortic 927: 571-579.

Steppe K, Lemeur R (2004) An experimental system for analysis of the dynamic
sap-flow characteristics in young trees: result of a beech tree. Funct Plant Biol
31:83.

Kleeper B, Browning VD, Taylo H M (1971) Stem diameter in relation to plant
water status. Plant Physiol 48: 683-685.

Dinamax (2016) Dinamax DEX20, DEX70, DEX100 and DEX200 plant growth
sensors.

Khairi N, Rizam MS, Naimah M, Nooritawati M, Husna Z (2012) Diamter stem
changes detection sensor evaluation using different size of strain guage on
dendrobium stem. Procedia Eng 41: 1421-1425.

Futagawa M, Ishida M, Sawada K (2011) Study of a wireless multimodel sensing
system integrated with a electrical conductivity sensor and a temperature
sensor for the health control of cows. IEEE Tans Electric Electron Eng 6: 93-96.

Sharma N, Pant BD, Mathur J (2018) MEMS or microchip based capillary
electrophoresis tool for analysis of Pathogenesis-related (PRs) proteins in
Eruca sativa (Miller) cultivars against Fusarium oxysporum. Microsystem
Technologies, Pp: 3-14.

J Biosens Bioelectron, an open access journal

ISSN: 2155-6210

Volume 10 « Issue 1+ 1000267


https://kundoc.com/pdf-optical-fiber-humidity-sensor-based-on-a-tapered-fiber-coated-with-agarose-gel.html
https://kundoc.com/pdf-optical-fiber-humidity-sensor-based-on-a-tapered-fiber-coated-with-agarose-gel.html
https://kundoc.com/pdf-optical-fiber-humidity-sensor-based-on-a-tapered-fiber-coated-with-agarose-gel.html
http://dx.doi.org/10.1016/S0924-4247(01)00788-9
http://dx.doi.org/10.1016/S0924-4247(01)00788-9
https://www.mdpi.com/1424-8220/14/5/7881
https://www.mdpi.com/1424-8220/14/5/7881
https://www.mdpi.com/1424-8220/14/5/7881
http://dx.doi.org/10.1166/sl.2005.001
https://web.engr.uky.edu/~zhichen/publication/Humidity-Sensors-Review-Reprint.pdf
https://web.engr.uky.edu/~zhichen/publication/Humidity-Sensors-Review-Reprint.pdf
https://doi.org/10.1109/7361.983470
https://doi.org/10.1109/7361.983470
https://pdfs.semanticscholar.org/3c61/07248f993454d9223f898cd60ba30cf70155.pdf
https://pdfs.semanticscholar.org/3c61/07248f993454d9223f898cd60ba30cf70155.pdf
https://www.fondriest.com/environmental-measurements/parameters/weather/photosynthetically-active-radiation/
https://www.hamamatsu.com/resources/pdf/ssd/s1087_etc_kspd1039e.pdf
http://dx.doi.org/10.1016/j.measurement.2007.02.009
http://dx.doi.org/10.1016/j.measurement.2007.02.009
http://dx.doi.org/10.1016/j.measurement.2007.02.009
https://ieeexplore.ieee.org/document/6411107
https://ieeexplore.ieee.org/document/6411107
https://ieeexplore.ieee.org/document/6411107
http://dx.doi.org/10.1109/JSEN.2013.2264458
http://dx.doi.org/10.1109/JSEN.2013.2264458
http://dx.doi.org/10.1109/JSEN.2013.2264458
http://dx.doi.org/10.1097/00010694-199805000-00002
http://dx.doi.org/10.1097/00010694-199805000-00002
http://dx.doi.org/10.2136/sssaj2004.1185
http://dx.doi.org/10.2136/sssaj2004.1185
https://lib.dr.iastate.edu/agron_pubs/378/
https://lib.dr.iastate.edu/agron_pubs/378/
https://lib.dr.iastate.edu/agron_pubs/378/
http://dx.doi.org/10.2136/sssaj1999.03615995006300030005x
http://dx.doi.org/10.2136/sssaj1999.03615995006300030005x
http://dx.doi.org/10.2136/sssaj1999.03615995006300030005x
https://www.researchgate.net/publication/253286045_A_MultiFunctional_Heat_Pulse_Probe_for_Simultaneous_Measurement_of_Water_Heat_and_Solute_Transport_in_the_Vadose_Zone
https://www.researchgate.net/publication/253286045_A_MultiFunctional_Heat_Pulse_Probe_for_Simultaneous_Measurement_of_Water_Heat_and_Solute_Transport_in_the_Vadose_Zone
https://www.researchgate.net/publication/253286045_A_MultiFunctional_Heat_Pulse_Probe_for_Simultaneous_Measurement_of_Water_Heat_and_Solute_Transport_in_the_Vadose_Zone
http://dx.doi.org/10.1016/j.sna.2006.05.010
http://dx.doi.org/10.1016/j.sna.2006.05.010
http://dx.doi.org/10.1016/j.sna.2006.05.010
http://dx.doi.org/10.1016/j.snb.2007.09.017
http://dx.doi.org/10.1016/j.snb.2007.09.017
http://dx.doi.org/10.17660/ActaHortic.2012.927.70
http://dx.doi.org/10.17660/ActaHortic.2012.927.70
http://dx.doi.org/10.17660/ActaHortic.2012.927.70
http://dx.doi.org/10.1071/FP03150
http://dx.doi.org/10.1071/FP03150
http://dx.doi.org/10.1071/FP03150
https://www.ncbi.nlm.nih.gov/pubmed/16657861
https://www.ncbi.nlm.nih.gov/pubmed/16657861
http://www.dynamax.com/products/plant-growth-sensors/dex-fruit-stem-growth-dendrometer
http://www.dynamax.com/products/plant-growth-sensors/dex-fruit-stem-growth-dendrometer
http://dx.doi.org/10.1016/j.proeng.2012.07.330
http://dx.doi.org/10.1016/j.proeng.2012.07.330
http://dx.doi.org/10.1016/j.proeng.2012.07.330
http://dx.doi.org/10.1002/tee.20629
http://dx.doi.org/10.1002/tee.20629
http://dx.doi.org/10.1002/tee.20629
http://dx.doi.org/10.1007/s00542-018-3909-z
http://dx.doi.org/10.1007/s00542-018-3909-z
http://dx.doi.org/10.1007/s00542-018-3909-z
http://dx.doi.org/10.1007/s00542-018-3909-z

	Title
	Corresponding author
	Abstract 
	Keywords
	Introduction
	Main Parameters Used in Agriculture 
	Environment 
	Soil
	Agricultural crops  

	Other MEMS Devices 
	MEMS to monitor root growth 
	MEMS microchip based capillary electrophoresis sensor 

	Conclusion
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	References

