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History of development: bio-hybrid EU research

The flora robotica project develops and investigates bio-
hybrid relationships between robots and natural plants 
and explore the potentials of plant-robot societies able 
to produce architectural artifacts and living spaces. The 

project is funded by European Commission under the programme Future and Emerging 
Technologies, H2020 Project no. 640959.

The main goal of ASSISI project is to establish a robotic society 
that is able to develop communication channels to animal 
societies and bio-hybrid systems. The project is funded by European 

Commission under the programme Future and Emerging Technologies, EU-FP7 Project no. 
601074

This innovation is related to an embedded electronic system connected to 
plants and trees – so-called phytosensor. The system is used as a bio-sensor 
and as a bio-hybrid interface device. As a bio-hybrid interface, the 
phytosensor provides physiological data from plants for plant-technology 
interactions: Mixed Reality or smart-Home systems, integration into digital 
infrastructures, controlling the robot actuators or performing autonomous 
phytoactuation. The project is funded by European Commission under the programme Future 

and Emerging Technologies, H2020 Project no. 945773.

BIOHYBRIDS

WatchPlant develops a new biohybrid system technology, a wireless 
wearable self-powered sensor for in-situ monitoring of urban 
environments. This system equips urban biological organisms -plants- 
with Artificial Intelligence (AI) to create a smart sensor for measuring 
both, environmental parameters and the responding physiological 
state of plants. The project is funded by European Commission under the 

programme Future and Emerging Technologies, H2020 Project no. 101017899.

watchPLANT
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1. General setup, 
I/O signals and devices, 
connection to the plant



+
continuously running 

mini PC 

• research
• different analytic tools 
• bio-hybrid applications
• plant-technology interfaces

Modes of operation

+

+

• autonomous sensing/actuation
• ecological  networks
• “well-being” sensor
• smart plant + AI systems 
• entertainment applications
• smart home systems  

PC 
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+

+ +
power management

• precision agriculture 
• vertical/indoor farms
• control of phyto-light, 

irrigation and fertilization
• 50m2 - 75m2  growth area
• stable and reliable long-term 

operation



fixed-protocol growth

• currently used in small-size vertical farming
• easy of operation 
• low- to medium- cost 

Modes of operation
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• adaptive to plant’s needs
• achieving higher productivity
• intelligent control for light, irrigation and 

fertilization
• detection of stress and pathogens
• return of investment in ~6-12 monthsbio-feedback growth

+



Setup

USB mini 2.0 (power + communication)

Data storage:
• internal flesh memory
• external mini PC (required for computation, 

actuation and connectivity)

Tested mini PC with Win10 PRO and Ubuntu:
• CPU: Intel Atom Z8350, Celeron J3355/J3455/J4115/J4125 
• popular models from: ACEPC, Beelink, MinisForum, MeLE, etc. 

UART port:
• Communication: BLE, Bluetooth, ZigBee, WiFi, GSM
• DMX bus (UART-DMX bridge is required)

Front connector back connector

Electrodes and sensors

start/stop measurements

power on/off
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Solid State Relays (SSR)



Setup for hydroponics, vertical and indoor farms

220V/110V

phyto-electrodes (from plants)
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power management system

pH electrode (from irrigation)

fixed growth protocols 
(set up manually for light, 
irrigation and fertilization)

2x irrigation self-priming pump, fan (12V PWM)

3x phyto-light (220V/110V 10A/20A)

micro-pumps (12V PWM)

5Voutputs

biosensing and 
control system



Power management 

6x switchable ON/OFF
220V/110V (out)

 max 10A per channel
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220V/110V (in)

RCBO, 
wattmeter

3x 12V PWM or ON/OFF, max 10A per channel
(GX12-4 pins)

USB 5V power supply

Connector to the phytosensor
(GX12-7pins)



Back connector 26 pins high density 
phytoelectrodes: biopotentials, impedance, transpiration, sap flow and soil sensors (connector side)
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Typical electrodes and sensors
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phytosensor 

electrodes 

Phy-IBTSF-26

• Ag99 needles

• 2x channels tissue impedance

• 2x channels biopotentials

• external temperature sensor

• external air humidity sensor

• external leaf transpiration sensor

• sap flow sensor

• external light sensor

• external RF antenna (450MHz-2.5GHz)

• power supply LED

• soil moisture sensor

• soil temperature sensor

• RGB light actuator “Light Ball”

with 4 pin connector

Note, the Phy-IBTSF-26 and Phy-IBTS-26 electrodes should be connected to 

the measurement module when power is off. Surface of the soil sensor can be eroded.  

Electrodes of type IBTS, IBT and IB (without corresponding sensors) are available for delivering 

2x channels tissue 

impedance

2x channels 

biopotentials

soil 

sensor

RGB light 
actuator 

transpiration sensor

sap flow sensor

external RF antenna 

(450MHz-2.5GHz)

26 pin 

connector



Typical setup
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Dracaena plant

Maranta plant

soil 

sensorneedle electrodes

transpiration sensor

sap flow 
sensor

MU system 

and mini PC

Light actuator

Optional:

• Red-Blue external light sources
(blue: 450-460nm, red: 620-660nm, 50-200W, photosynthetic photon flux density: 

300 – 600 umols for the vegetative phase and 800 – 1,000 umols for flowering) 

• Air-quality measurement system

MU system 

and mini PC

transpiration
 sensor

Light actuator

e.g. CO2 PM2.5, PM1.0, 
PM10, HCHO, TVOC, AQI
air monitor/logger

IBTSF electrodes

TS electrodes

needle 
electrodes



Connecting electrodes and sensors to the plant

biopotentials

• long distance between 
electrodes (15-30 cm)

• use differential signals
or with reference ground

• use plant topology for 
differential electrodes
(see next slide)

• fouling/wooding issues
• wet surface electrodes as 

alternative to needles 

tissue impedance

• for measurements: short distance 
btw electrodes (0.5-2 cm)

• for electro-stimulation: depends 
on stimulation system

• make use of differential 
measurements

impedance
0.5-2 cm

Biopotentials

15-30 
cm

Surface Electrodes EMG (electromyography) 12



1
2 3

Connecting electrodes and sensors to the plant
use plant topology for differential signals 

• put inverse polarity (biopotential electrodes) to plant branches to localize the touch position 
• use electro-stimulation as a feedback (actuation) method 13



Connecting electrodes and sensors to the plant

sap flow sensor 
(based on thermal balance method)

• stem diameter ~1-3 cm
• use thermal covering
• use in short-pulse mode, avoid long-term 

continuous usage
• make use of plant topology

14



Electrochemical sap flow sensor 
(based on tissue impedance measurements)



Transpiration sensor

• remove protection film
• use large leaves
• clip sensor should be placed 

below
• fix cable on stem (or on 

holder) to avoid damaging 
the leaf  

Connecting electrodes and sensors to the plant

clip sensor,
protection film

protection film



Soil sensor & 
RGB Light Actuator

• water resistant, surface 
can be eroded

• avoid damaging of roots

• set low frequency of 
update -> capacitive 
sensor interacts with 
biopotentials  

• sensor reading depends 
on the position, for 
calibration use relative 
values 

Connecting electrodes and sensors to the plant
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Additional (e.g. CO2) I2C sensors

Use analog (voltage output), I2C bus, UART (with/without bridges), SPI bus (internal connection required) sensors
Typically, firmware update (sensor driver in firmware) is required

18



RGB Light Actuators

RGB Light Actuation 

• internal MOSFETs (3.3V, 10 Ohm resistors)
• directly accessible via ASCII commands
• switching high-current LEDs causes measurement artifacts
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RGB Light ActuatorsComplex Actuation (robots, 220V relays, voice, etc.)

• available via client program
• uses DA-scripts or Python-scripts (user-defined programmability)
• large number (over 230) of supported actuators (e.g. USB/220V relays, text-to-speech devices, robot actuators, 

timers) 20



Outdoor Setup

• Powering (PoE, solar)
• Packaging (IP class)
• Communication

(PoE, WiFi, GSM)
• Different sensors

(for outdoor plants)
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Environmental sensors (device level) 

• see for overview e.g. https://wiki.ezvid.com/best-air-quality-monitors
• professional single-sensor devices: e.g. EXTECH (i.e. 7 devices for 7 sensing parameters)
• combined devices, 7-in-1, 9-in-1, range up to 500€: e.g. Temtop LKC-1000S+, Temtop M2000 2nd, IQAir AirVisual Pro
• commonly referred issues with combined devices: low repeatability (probably low accuracy), external data logger 

functionality (e.g. via USB) in continuous mode is not provided 



Environmental sensors (sensor level) 

• It makes sense to integrate environmental sensors on the sensor level
• class: <100€ per sensor (expensive!), I2C interface (easy to integrate)

accuracy   9%-10% at 
1000ppm

accuracy 6% at 
1000ppm

accuracy ~  15%

accuracy ~  20%

1)

2)

3a)

3b)

4a)

4b)

accuracy ~  10%

accuracy ~  10%

5,6) O3 and NO2



2. Software, 
ASCII communication 

and commands



Windows

Access to device, client 
programs and scripts

User-defined 
programs 

All components are 
prepared, full access

programmable 
within prepared 

framework, 
DA/Python scripts 

Operating System (OS) Dependency

OS

Linux

• Access to device via 
ASCII interface

• Access to mini PC via 
TCP/IP communication

Android, iOS
access to data and plots 
from mobile devices via 

Remote Desktop

Win10 
mini PC

yes

Analysis on 
client level

no

yes

yes

full access

no

full access

full access

yes, any

yes, any

programmable 
within prepared 

framework,
DA/Python scripts 

Plotting 
engine

screen, web, 
jpeg, eps

no

screen, web, 
jpeg, eps

screen, web, 
jpeg, eps

25



Software structure

ASCII 
commands/data
interface

OS independent
scripts

client-specific  
scripts

26



Communication with device: general principles

Client

• Real time OS
• DSP/PSOC hardware
• Embedded software

Device

• Windows
• Linux
• Android

single ASCII command

single ASCII response 

Mode 1

Mode 2
single ASCII command

continuous ASCII data stream 

Communication on the client side is a standard COM port operation:
open port -> write data -> read data -> close port

27



Example of ASCII Communication 
(from Windows, Linux, Android)

standard operating baudrate: see init/init.ini (625000)
(emulated via USB! )

ASCII commands

28



see User Manual, p.63, section 5.8 “Communication with the EIS operating system”

Format of commands: k1k2xxxx* 
parameters

end marker

Device Commands

29



3. Software Client Program, 
parameters of measurements 

and data structures



Client Program

• Installation for Win 10: typically 
no drives are required

• Install the redistributable package for visual C++ 
2012 and Gnuplot (all files are in the directory 
'drivers’), see “User Manual”, p. 49

• Connect to “COM port” of the device

For the first time only, check:

• the firmware version 
• configuration
• enable/disable additional sensors 

• setup the period between measurements, 
e.g. 10 secs. 

31



Configuration of measurement parameters

• “DDS type” specifies Impedance Spectroscopy 
module (Tissue Impedance, Ionic Interfaces 
and Electrical Stimulation): off if not used

• use primarily the lowest signal excision range 
(0.01 V)

• To start measurements, press “Measurements 
Start”

• Enable online plot

32



Configuration of measurement parameters

• for plot specific data use the option “phytosensors” and “external sensors”
• to plot already stored data (from previous measurements), 1) disconnect from device; 2) open the file 

open 
the file 

33



Configuration of measurement parameters

• data files are indexed by day-month-year-time 

34



Data Structures (depends on DSP mode)

Signal Scope & Spectral 
analysis

All types of “Continuous 
Measurement”

Typical for phytosensor 
measurement  mode

80 fixed data fields, see User 
Manual, Sec. 6.8, page 77

Analysis of ionic 
interfaces

Several outputs, fixed data fields, see 
User Manual, Sec. 6.9, page 80

3D/4D mode, 
“continuous measurement 

with variable f”

DSP/DDS mode Usage Description

Vernadsky scale, 
Impedance Spectroscopy

block-wise data structure, see User 
Manual, Sec. 6.10, page 80

Frequency analysis 
Impedance Spectroscopy, 

frequency-response 
analysis

similar to “continuous mode”, the 
first field is replaces by frequency

35



Data Structures 
(example for “continuous measurement”)

time stamp

configuration

Data fields

Device sends data in 
such format 36



4. Examples of measurements, 
data analysis 

and bio-hybrid feedback



Electrophysiology: mechanical (electrostatic) stimuli

• Fast reaction (in seconds) at specific plant species
• It can be used in complex scenarios, even for multiple plants (see next slides)

38



Electrophysiology: light & heat

• Non-specific 
electro-
physiological  
reaction on 
different stimuli

• physiological & 
environmental 
data are required 
for analysis

39
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Electrophysiology (tissue impedance) 
heat and mechanical distortion

Reaction on external stimuli also by tissue impedance 



Tissue impedance spectroscopy 
periodic response, frequency shift, frequency-temporal dynamics 

41Replication experiments on published data about tissue responses 

Cactus

Dracaena



Tissue impedance spectroscopy 
Ionic interfaces

42



Transpiration measurements

● transpiration is the inevitable consequence of gas exchange in the leaf

● transpiration is affected by light intensity, air movement, temperature and humidity
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Stem water (sap) flow sensor (thermobalance method)

• increasing of water flow indicates a normal growth 

• temperature effects 44

Thermal 
damages 
of tissues
at long 
term use



Electrochemical sap flow sensor: tracking main resonances

• tissue impedance approach (enrichment by fluids)

• Fourier spectra approach (tracing main resonances)

45



Good correlations with physiological reactions of plant organisms
46

Electrochemical sap flow sensor

Light 

Temperature

Transpiration



Stimuli-Reward Learning in Plants

1. The bio-hybrid system is a “black box”, we do not 

know what is inside

2. We consider the “external observable parameter” as 

the output measure (e.g. light is a part of the bio-

hybrid system, on/off time as an output parameter)

3. The feedback loop changes the observable output 

parameter

4. The environmental stimuli still affecting the system, 

thus we will observe a complex behaviour
47



48

reinforced 
training within the 
z based feedback 

loop

Stimuli-Reward Learning in Plants

48



biopotentials within the z based feedback loop after a few days 
of training lead to turning OFF (the point ‘A’, evening) and 

turning ON (the point ‘B’, morning) the light autonomously -> 
one of indicators for adaptive physiological functionally      

Stimuli-Reward Learning in Plants:
self-regulation of illumination time/adaptation for cyclical activities

periodical excitation for 2 days with period 10 min “light 
ON/OFF”. In the “light ON phase” the DA module was 
deactivated, i.e. no further excitation by light. During the next 
expected “light ON phase” (almost exactly) the biopotential 
reacted in the same way as previously, but without external 
light stimulus (the red point A).

49



Phase 1 -- only the fan is operating; 
Phase 2 -- light+fan are operating (12 hours);
Phase 3 -- only the fan is operating

Stimuli-Reward Learning in Plants:
introducing the second stimulus (fan)

50

• replication of 

two stimuli 

experiment

• plant indeed 

can learn 

reworded 

reactions



Communication & interactions between plants
(see video, “two plants”)

51

Feedback loops in bio-hybrid systems can generate complex 

interactions (communication) patterns between biological 

organisms 



Collective electrophysiological reactions 
(complex scenarios for multiple plants, see video “cutting plant”)

1) 2)

3) 4)
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5. User-defined 
programming



Operations over continuous data stream

• System can be programmed in 
simple way without knowledge 
of computer programming 
languages 

• Python script can be used for 
user-defined programming

• Concept I: data pipes with 
different time dynamics (over 
seconds, over days, over weeks)
 

• Concept II: numerical 
processors (e.g. statistical 
analysis) can be enabled or 
disabled by users

• Concept III: detectors perform 
simple operations and trigger 
actuators 54



Real-time numerical processors

Each numerical processor takes data 
from the data pipe, performs 
calculations, and writes results back 
into the data pipe

Examples of numerical processors:

• Basic and advanced statistics
• Linear/Nonlinear regression analysis 
• Fourier transformation/Spectral analysis
• Correlations
• Numerical analysis 

55



DA scripts vs Python scripts

User-defined programs

56

DA (Detector-Actuator) script

+  native C++ implementation
+  fast execution
+  no programming skills required

- complex programs are difficult to write 

Python script

+ flexible programming
+ large code base

- interpreter: slow execution
- required programming  
  knowledge



DA scripts

• provide a flexible way to create a sensor-actuator system, e.g. to detect specific signals (signal patterns) 
in all sensor data and to react on these signals

• allow creating environmental feedback loops and homeostatic behavior, to develop complex 
demonstration scenarios and setups;

• enable performing fully automatic experiments

• to enable a real-time data analysis by numerical processors and creation of synthetic (virtual) sensors by 
performing a sensor fusion from different physical sensors

• currently implemented ~250 detectors and numerical processors (incl. probabilistic Bayesian networks, 
and toked driven Petri Nets 

• currently implemented ~230 actuators (sound-, music-, speech-, light- actuation; turning on/off physical 
devices; electrical stimulation or sending internets messages, robot drivers)

• see User Manual, chapter 8 “DA module: real-time signal processing and actuation”, p. 100
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Real-time detectors with DA script
 example with simple homeostatic feedback loop

Data channel 25 of external temperature

DA script

I11=25;                             # threshold-based detector D11, input channel 25
P11=260000 x;                # temperature threshold 26C

D11=41;                           # define actuator 41 for “true” condition
D-11=42;                         # define actuator 42 for “false” condition

A41=wk111*;                 # define actuator 41 (ASCII commands for RGB LED on)
A42=wk000*;                 # define actuator 42 (ASCII commands for RGB LED on)

LED on LED off

58



Real-time detectors with DA script
 simple example with text-to-speech TTS engine (talking plants)

Data channel 28 of biopotentials ch1 (touch detection)

DA script

I11=28;                             # threshold-based detector D11, input channel 28
P11=12700 x;                  # biopotential ch 1 threshold 

D11=102;                         # define actuator 102 for “true” condition

A102=I like you!;             # define actuator 102 (text for TTS engine)

call TTS engine

threshold for touch detection 

59

The parameter 'textToSpeechLanguage' in the './ini/ini.ini’ file
determines the default language used by TTS engine

if data ([28][i]>12700) call A102

Flora – the talking plant 



DA script

I11=26;                             # threshold-based detector D11, input channel 26 (light)
P11=x 5000;                    # light threshold 5000

D11=151;                         # define “and”-actuator 151 for “true” condition
D-11=42;                          # define actuator 42 for “false” condition

I12=25;                             # threshold-based detector D12, input channel 25 (temperature)
P12=X 243000;               # temperature threshold 24.3C

D12=151;                         # define actuator 151 for “true” condition

A151=41 11 -12;            # specify the 'and' actuator
A41=wk111*;                 # define actuator 41 (ASCII commands for RGB LED on)
A42=wk000*;                 # define actuator 42 (ASCII commands for RGB LED on)

see demonstration in 
this video

Real-time detectors with DA script
 example with two sensors

60



How to use DA scripts

• think about scenario 

• specify sensor data 

• specify which actuators are necessary 

• prepare DA script (or use prepared one) 

• enable “use custom DA script”
(files in directory /init/DA_library)

• select the script 

• run experiment

61



Available numerical processors, detectors, actuators

see User Manual, sec. 8.13 “Detailed description of implemented detectors and actuators”, p.126 62



More Information

63

• User Manual
• Application notes
• Publications
• Project Reports
• Videos

• Contact: 
info(at)cybertronica.de.com

Copyrights to all photographic images belong to CYBRES GmbH. CYBRES GmbH does not assume any liability arising out of the application or use of any of these devices or service, and specifically disclaims any 
and all liability, including without limitation special, consequential or incidental damages of any kind. Any citations or references on graphical/technical material should include links to CYBRES GmbH.
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