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TOWARDS  
THE INTERNET 
OF LIVING TREES 
FOR PRECISION 
AGRICULTURE

IoTree is a low-cost, low-maintenance, long-lived wearable sensing solution for monitoring the health of 
trees, providing fully autonomous renewable-energy collection and parameter sensing, compression, and 
transmission from over a mile away. The IoTree system is battery-free and operates on an opportunistic, 
block-based intermittent-computing paradigm; when the system is able to harvest enough energy via 

renewable sources, the LoRa controller will produce samples from the nutrient sensor and transmit the data  
to a base station for further analysis. Initial laboratory trials for IoTree demonstrate 91.08% and 90.51% 
accuracy in detecting ammonia and potassium oxide levels, respectively. Furthermore, a 30-day farm trial 
showed that the IoTree system could capture measurements regularly in a grapevine farm deployment.  
IoTree is designed with open-source software, 3D models, and affordable off-the-shelf components,  
ensuring availability as a tool to educational institutes and hobbyists alike. 
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Global agriculture will need to produce more 
food in the next 50 years than was produced in 
the previous 10,000 years to feed the growing 
population [1]. In modern agriculture, a few 
staple crops are cultivated intensively for their 
higher yields [2]. Growing a few varieties of 
trees makes the food supply vulnerable to 
pests and diseases, leading to the overuse of 
fertilizers. Such chemicals make the farmland 
less productive, and the food we grow less 
nutritious [3-5]. Understanding how crops 
grow will help reduce the use of fertilizers, 
chemicals, and water, and pave the way 
for more sophisticated and sustainable 
agriculture techniques. 

Existing nutrient-sensing solutions for 
precision agriculture rely on (1) sensors 
buried under the soil, (2) video processing 
from cameras, and (3) optical techniques 
to measure ions in hydroponic solution. 
The current sensor systems are orders-of-
magnitude too costly and labor-intensive.  
Systems built from conventional components  
and materials cost over $500 per sensing 
node, measure >3m in height, and restrict 
equipment access to the crop. In addition, 
traditional soil sensing techniques and 
recent advanced soil sensing methods 
based on wireless signals, such as RFID, 
microwave, and radar only measure soil 
signals, not plant signals. Sensors attached 
directly to plants require large invasive 
sensing probes, resulting in wounding or 
other damage, e.g., xylem cavitation, which 
may result in plant death. The camera-
based and light sensing-based methods 
provide a non-invasive way to infer a plant’s 
condition based on its color and shape. 
Still, they cannot inform us of the internal 
physiological functioning of plants, e.g., 
vascular tissue (xylem, phloem).

To circumvent all the limitations of 
existing approaches, we developed a zero 
maintenance, battery-free, biocompatible, 
cost-effective, and intelligent sensing system 
that we named IoTree, to continuously 
monitor water flow and nutrient levels in the 
living plant. IoTree is a wind-powered, low-
maintenance, battery-free, intelligent sensing 
system, all inside a cheap and easy-to-deploy 
package. The IoTree package is powered by a 
compact wind turbine that enables the block-
based intermittent computing algorithm to  
capture data when the wind is blowing. Ideally, 
this technology would be well-suited to long-
term remote deployment missions. However, 
there are still technical challenges to be solved, 
including: (1) Biosensors for agriculture  
are not mature as a technology. Robust and 
cost-effective sensor packages face real design 
challenges as most biosensors produced 
today are intended for human epidermis 
and not tree bark. (2) Unpredictable weather 
patterns can theoretically leave IoTree offline  
for unacceptable intervals since the system 
relies entirely on wind power. Adding battery- 
free avenues of gathering and managing 
scarce power to the system is an ongoing 
research topic.

In this project, we make the following 
contributions. (1) We develop a biocompatible  
fiber-based sensor to monitor water and 
nutrient levels inside the tree body. (2) 
We derive a battery-free and low-power 
sensing algorithm from measuring signals 
inside the tree body reliably under multiple 
environmental conditions. (3) We design 
and implement a block-based intermittent 
computing algorithm allowing IoTree 
to fully utilize the harvested energy and 
perform its task with the optimal memory 
and energy requirements. (4) We prototype 

IoTree that opportunistically performs 
sense, data compression, and long-range 
communication without requiring any 
battery and maintenance. (5) We evaluate 
the system with in-lab and show that IoTree 
obtains 91.08% and 90.51 % of accuracy 
in measuring ten levels of nutrients, NH3 
and K2O, respectively. When tested with 
Burkwood Viburnum and White Bird trees 
in the indoor environment, IoTree data 
strongly correlates with multiple soil stimuli 
(watering and fertilizing) events. We also 
deployed IoTree in the wild for 30 days, and 
the results show that the system can provide 
sufficient measurements every day. The 
system reports 558 measurements daily, up 
to 1.8 kilometers, without requiring batteries 
or maintenance.

IoTree SYSTEM 
Fundamental of Tree Sensing 
The IoTree system relies on the chemo- 
electrical relationship between nitrogen (N) 
and potassium (K) ions within the xylem sap 
of trees. Though several other minerals are 
necessary in the metabolism reaction, only 
nitrogen and potassium are considered for 
the current scope of the system. An electrode 
exposed to this sap can be monitored for 
an inductance response due to changes in 
the ion chemistry present. These ions are 
absorbed in the roots by transceptor proteins 
and transported through the tree in the form 
of nitrate, nitrite, ammonia, and potassium 
ions. For healthy trees, nitrogen levels in the 
tissues are 3-4% by mass [6] and potassium 
ion concentrations of 80-100 mM inside 
cells [7]. It has been demonstrated that a 
resistance-capacitance parallel circuit can be 
used to correlate ionic charges and inductive 
responses for nitrogen and potassium ions 
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[8-13]. This means that, theoretically, a 
circuit can be constructed that could sense 
the ionic charge in the xylem sap of a tree 
and correlate that sensed charge to real-time 
nitrogen and potassium levels. To effectively 
perform this sampling, a biocompatible 
sensor must be developed and tested.

IoTree System Overview
IoTree system is designed and implemented 
with the following goals: (1) The sensors 
should be implanted onto the tree’s tissue to 
capture the signals inside the tree; (2) The 
system must harvest wind energy for all 
operations to reduce maintenance operations 
like recharging or replacing batteries; (3) 
The operating system must optimize energy 
utilization by intrinsically reconfiguring the 
program into block operations; and (4) The 
IoTree system must be able to transmit data 
over long distances to allow deployment on 
typical farm-sized mission areas. The over-
view of Iotree System is shown in Figure 1.

Biocompatible sensor development. 
First, we will develop the details of the 
biocompatible sensor, followed by energy 

harvesting and power management, then 
long-range communication, and finally, 
block-based intermittent computing. A 
fiber-based impedance sensor was developed 
for this purpose. Conductive microfiber 
material is synthesized from reduced 
graphene oxide (rGO), polyurethane (PU), 
and silver nanowires (Ag-NWs) using 
a wet-spinning method [14,15]. These 
materials were dissolved or dispersed 
into a dimethylacetamide solution and 
injected into a distilled water coagulation 
bath through a single steel nozzle to form 
a microfiber gel. This gel is then reduced 
in ascorbic acid to produce conductive 
microfibers. Finally, this substance is dried 
in a vacuum oven for two hours at 120°C. 
The resulting microfibers are used directly 
as working electrodes. For a reference 
electrode, we coat final microfibers in 
silver chloride. These two electrodes are 
aligned parallel with a spacing of 2 mm to 
complete the impedance sensor. To ensure 
a functional impedance sensor, validation 
against a well-known sensor such as a VSP 
Potentiostat device can be used. When an 
excitation voltage is applied to one electrode 

of the impedance sensor, a resulting current 
develops on the opposite electrode. 

Energy harvesting and power management. 
The IoTree system is powered by wind 
energy. A DC motor is fixed with turbine 
blades that capture energy from flowing air 
and spin the DC motor in reverse, turning 
it into a generator. The generated power is 
harvested using a custom circuit with power 
converters, storage capacitors, and state 
comparators that work together to determine 
when a threshold power requirement has 
been reached. After reaching this threshold, 
the computing circuit is activated, and 
sampling and transmission operations begin.

Long-range communication. IoTree 
supports long-range communication to 
ensure the system is easy to deploy in 
agricultural environments. As a secondary 
objective, a low-power communication 
protocol is desirable. Several solutions were 
examined for compatibility with these goals. 
Although low-power long-range solutions 
like LoRa Backscatter and modified-
Bluetooth exist, the integration of these 
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FIGURE 1. IoTree System Overview.

FIGURE 2. 3D model, fabricated prototype, integrated circuit, and real-world deployment of IoTree.
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solutions into custom hardware projects 
simply was not mature during the first-
generation prototyping phase; therefore, 
the mature LoRa module was chosen as the 
main communication method for IoTree 
due to its low power consumption and 
ideally 3-kilometer communication range.

Block-based intermittent computing.  
Intermittent computing is an area of com- 
puting science dedicated to accomplishing 
forward progress computation when energy is 
not reliably available. In normal computation, 
a program can make forward progress 
without needing to store information about 
the state of the program since it can be 
assumed that the program will complete 
before power to the computer runs out; 
however, during intermittent computing 
the power is assumed to run out before 
computations are complete. This means 
that the state of the program at any point 
must be stored in non-volatile memory 
such that it can be reconstructed after any 
power cycle event occurs. IoTree tackles 
this problem using two algorithms. These 
algorithms work by managing sections of 
code called “blocks,” which are considered 
as atomic operations for the management 
of energy. Each block must be completed 
for the program to reach a state that can 
be restored after a power cycling event; if a 
block fails to complete before a power cycle 
event occurs, the work performed inside of 
that block is lost and the program reverts 

to the state in which the previous block was 
completed. The first algorithm in IoTree 
attempts to optimize the size of the blocks 
(i.e., the size of the task contained within a 
block) while the second algorithm handles 
the overhead of maintaining the state of 
the program between executed blocks. 
These algorithms and their corresponding 
API code are packed in a Block-based 
Library Implementation, allowing users 
to streamline the creation of tasks and 
scheduling of their execution. This approach 
allows a simple implementation of the 
functionality of IoTree: schedule the sensing, 
schedule the computation, and schedule the 
transmission of data. The block-based library 
will automatically handle the partitioning 
of these tasks into atomic blocks, manage 
the overhead of storing state data between 
blocks, and complete the execution of the 
tasks block-by-block so long as the power 
is available; and, if the power goes out, the 
program will be able to pick up where it left 
off automatically. 

DESIGNING, FABRICATING,  
AND IMPLEMENTING IoTree 
PROTOTYPE
3D Modeling and Fabrication
IoTree is designed with common, off-the-
shelf components and materials, making 
it accessible to hobbyists and researchers 
alike. The casing and structure of IoTree are 
3D-printed. The 3D prototype is designed 
using SOLIDWORKS. The modeling for this 

structure consists of a housing for the LoRa 
and harvesting circuit, a hangar that helps 
anchor IoTree to the tree, a turbine shroud to 
house the DC motor/generator, and a wind 
vane that orients the shroud to maximize 
turbine efficiency. The shroud of the turbine 
is mounted on a vertical pole, which rests on 
a bearing block that can turn 180 degrees to 
allow the wind vane to reorient the turbine 
but prevent the power transmission lines from 
becoming tangled with repeated revolutions. 
The first-generation prototype’s wind har- 
vesting apparatus can generate 164.3 mW 
of power in this configuration. The entire 
system weighs 116 grams and has a footprint 
of 145 mm x 170 mm, making IoTree cheap 
and easy to manufacture and deploy. 

Sensing Circuit Design and 
Implementation
The power harvesting circuit is an ASIC  
designed and fabricated in-house. The circuit 
uses an MSP430FR2433 as a master control 
unit (MCU), and a BQ25570 to harvest 
power from the wind turbine. The MCU 
communicates with the impedance analyz-
ing circuit using the I2C on-board commu-
nication protocol and the RF components 
using the UART on-board communication 
protocol. These components are program-
matically powered using integrated power 
switches (TPS22919DCKT IC) according  
to the program’s needs to conserve power. 
This power management design decision 
couples with the block-based computation 
library to shut off power to devices that are 
not in use for the current block. For instance,  
the LoRa transmitter is not required for 
the sensing portion of IoTree’s operation. 
Therefore, the LoRa transmitter is shut off 
using these integrated power switches while 
the impedance sensor is active.

Sensor Deployment
The impedance sensor must be carefully 
implanted into the tree to take effective 
readings. First, each sensor is calibrated 
against the VSP potentiostat. This step is 
necessary to calculate the calibration constant 
in the model since each sensor may suffer 
from manufacturing imperfections due to 
the in-house manufacturing process. After 
calibrating the sensor, two small holes are 
drilled into the tree at a depth of 3 mm. To 
prevent the tree from compartmentalizing 
the sensor (and thereby reducing the ability 

FIGURE 3. Accuracy of impedance response model at predicting nutrient levels in solution.
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of the sensor to sense), 500 mg of catalase is 
injected into the hole. Additionally, 50 mg  
of conductive gel is injected to increase 
conductivity between the xylem sap and 
the impedance sensor. The electrodes of the 
impedance sensor are installed into the holes 
and shielded with adhesive tape to prevent 
foreign debris ingress into the sensing area. 

PERFORMANCE EVALUATION
The evaluation of IoTree took place in three 
stages: in-situ, in-vivo, and on-the-farm. 

The in-situ experiment consisted of 
validating the ability of the manufactured 
impedance sensors to accurately sense the 
nutrient levels within a nutrient solution. 
For ammonia and potassium oxide both, 

solutions ranging from 10 g/L to 100 g/L  
were measured and recorded for the  
construction of a numerical model of the 
impedance response of the manufactured 
sensors. The model results are shown in 
Figure 4; further, the model reaches an 
accuracy of 91.08% for ammonia and  
90.51% for potassium oxide. This proves  
the reliability of the sensor to measure  
these nutrient levels, completing the  
in-situ experiments.

For the in-vivo experiments, IoTree was 
deployed on Burkwood Viburnum and White 
Bird trees. The soil was given 100 ml of water 
and the impedance response of the trees was 
observed; a clear response to each watering 
event appeared in the conductivity response. 
After withholding fertilizer for two weeks, 
the soil was injected with a 10 g/L solution of 
ammonia. The impedance response clearly 
indicated the uptake of the ammonia; later, 
when the impedance response indicated a 
nitrogen deficiency another injection was 
given, and a corresponding impedance 
response showed the uptake of nitrogen. This 
process was repeated with potassium oxide 
with similar results. Figure 5 summarizes 
the results of these trials.

Finally, the on-the-farm experiments took 
place on a local farm. Figure 6 shows relevant 
data for this trial. IoTree was deployed on 
grapevines using three prototypes and a base 
station to collect the data from each node. 
The base station was 0.8 kilometers from 
the deployed prototypes, and the system 
was left for 30 days. The system was able to 
capture data each day, with an average of 558 
readings per day. Further, several rainstorms 
occurred during the trial with no adverse 
effects on the prototypes. As a generalization 
of the data collected, it was observed that the 
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FIGURE 4. Water and nutrient sensing on living trees.
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FIGURE 5. Weather conditions and sensor density during 30-day deployment of IoTree.
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average a day with up to 1.8 kilometers 
without requiring any batteries or 
maintenance. n
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grapevine accumulated nutrients during the 
day and consumed nutrients at night. This 
is consistent with nutrient uptake described 
in the literature and considered successful 
deployment.

CONCLUSION
This paper presents IoTree, a battery-free 
wearable system with biocompatible and 
implantable sensors for a living tree to 
continuously monitor. The system includes a 
biocompatible fiber-based sensor implanted 
inside the xylem of a living tree. The entire 
system is powered by wind energy. To cope 
with the unpredictability of wind energy, 
we implement a block-based computing 
method to allow the system to fully utilize 
the energy with minimum memory over- 
heads. IoTree is evaluated through in-lab 
and real-world deployment for 30 days and 
the system reports 558 measurements on 
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