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Abstract

In order to track the growth of genetically modified plants, a research
team at SLU are utilizing time-lapse photography. This is done by
taking one picture an hour of a Petri dish containing samples. After
several days of taking photos one can clearly see the sped up root
growth of the samples.

Before this project this was done using a rotating cube with one Petri
dish on all of four sides together with two cameras, one night vision.
Using this, the research team could track four experiments at the same
time.

The aim of this project is to construct a mechanical solution, able to
support more than 10 experiments. The solution will be made open
source, which will be available to whomever wants it and should not
require extensive technical knowledge for implementation.
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1 Introduction

1.1 Background

A research team at biocenter, SLU, are focusing on molecular mechanisms
underpinning development of plants. In order to do this, they need to track
the growth of plants. This is done by taking photos of Petri dishes several
times a day for a couple of weeks. The Petri dishes, which contain the plants,
are stored in a growth cabinet where light and temperature can be controlled.
They only have one camera and several Petri dishes, so in order to take photos
of each Petri dish several times a day without disturbing the environment
(opening the cabinet and moving the dishes by hand) an automated solution
is needed, for example a robotic arm.

1.2 Purpose of the project

The project could be divided into two parts, one is to fix the current imaging
stage and the other part is to create a new, more ubiquitous solution. At
the start of this project the research team at SLU have built a robot that
revolves a plate holder with four Petri dishes. The setup can be seen in figure
1. The plate holder revolves by using a stepper motor controlled by the same
Rapsberry Pi compute module 3 that also controls the camera. The camera
module consists of one daycam and one nightcam with IR-LEDs. This setup
have some issues, mainly with some error messages when running the code
but also with drift of the stepper motor. This later problem isn’t notable after
just a few revolutions but after a few days of runtime the Petri dishes aren’t
centered to the camera any longer. The imaging stage could also be improved
by changing the positions of the IR-LEDs to produce more consistent and
glare-free images as well as implementing a constant rotation to produce
more even lightning conditions on the Petri dishes.
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Figure 1: The current setup of PetriPi

1.3 Project specifications

1.4 Work distribution and planning

Two different design ideas existed for the second part of the project where a
new solution were to be implemented. The first design would be an actual
robotic arm that would pick up the Petri dishes from a holder and place
them in front of the camera (plan A). This would require a couple of pos-
sibly difficult algorithms and calibrations but if it would work it would also
be easily expandable with more Petri dishes. The Petri dishes need to be
exposed to the same amount of light and therefore the dishes needs to be
moved around. The second idea is a bit simpler in design, it would consist
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of a Ferris wheel type of belt vertically in the growth cabinet (plan B). The
imaging stage would be placed in the bottom of the growth cabinet and the
Petri dishes would revolve on a belt until they are in front of the camera.
This design needs less calibration since the plates are fixed in the holder as
well as being able to handle round Petri dishes. Plan A were chosen as pri-
mary objective and if that designed showed to be too difficult plan B would
be started instead.

1.5 Grading criteria

Grade 3: Make the imaging cube fully functioning. That is, cube can rotate
smoothly and identifies a ”zero” position using some sort of sensor. It stops
to take a picture on all sides. The IR light is lit when imaging, otherwise
turned off. Code is integrated with present code, and commented. The whole
structure can easily be moved from the cabinet (no permanent mounting).
The project is clearly documented and any source code and electronics de-
signs are released under a liberal license compatible with the current source
code (preferably BSD/MIT or similar license). Electronics are documented
using clear diagrams that allow reproducibility.

Grade 4: Develop a mechanical solution that can move plates from the growth
stage to the imaging stage and has a capacity of 10 plates or more. The mech-
anism may require manual intervention for setting up and operating. Certain
usability trade-offs are allowed for this grade, such as only allowing a certain
fixed number of plates or requiring extensive manual calibration. An accept-
able rate of usable photos during a 1 day experiment is 50%.

Grade 5: The mechanism is integrated with the current software and hard-
ware setup. The mechanism requires ”minimal” intervention for operation
and use, i.e. it could be set up by a non-expert. The mechanism should
not be overly sensitive to simple errors; usability is taken into account in the
design of the mechanism. The design clearly considers the ”open source sci-
ence hardware” concept for allowing others to easily implementing and using
the setup. An acceptable rate of usable photos during a 2 day experiment is
90%.
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2 Theory

2.1 Robotic arm movement

There are a few methods for translating the coordinates for the gripper to
servo angles. This is often done by calculation the transformation matrix
when there are many degrees of freedom. Since the gripper is always parallell
with the y axis the calculations could be done at the end of arm 2 since this
point is at (x; y � lengthofgripper ). With 2 degrees of freedom this could
instead be done with trigonometric functions. Figure 2 shows the complete
arm wherev1 refers to servo 1,v2 to servo 2 andv3 to servo 3. Figure 2 is
simpli�ed to �gure 4 after stating that the gripper is parallell to x axis.

x

y

Arm1

Arm2

Arm3(Gripper length)

Gripping point at ( x; y)v1

v2

v3

Figure 2: Plot of robotic arm
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Figure 3: Simpli�ed model of robotic arm
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Figure 4: Model for calculatingv3

Since the gripper should point straight down at all time the angle can be
easily calculated after knowingv1 and v2

v3 = 360 � 90� v1 � v2 (8)

The most e�cient movement between points is if the all the servos start
moving at the same time end reaches the end value at the same time. This
will make the power consumption equal during the entire movement. Moving
between points means that 4 servos need to change values. This would then
be done in a few steps:

ˆ Calculate di�erence between current and endpoint for each servo as
� ms1::4

ˆ Find largest di�erence as � msmax

ˆ Divide all � ms1::4 with � msmax as � msadjusted 1::4

ˆ Move each servo by �msadjusted 1::4 until endpoint is reached
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3 Implementation

3.1 System overview

The �nal layout for the robotic arm solution was to have a small foot-print
robot in the middle of a tray surrounded by Petri dish holders on all sides
apart from one, where the photo stage would be. A camera would be mounted
on the base of the robot, facing the photo stage. The Petri dish holders would
�t together as puzzle pieces in order to guarantee the same distance between
plates even after disassembly. The main computer would be a Raspberry Pi
from which the robot and dual cameras were controlled.

Figure 5: Complete robot design together with petri dishes
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3.2 Hardware and components

3.2.1 Choosing hardware

It was decided early in the project that it would be easiest to have one com-
puter control everything, rather than have multiple computers communicat-
ing with each other. The SLU research team had, for the PetriPi project,
previously used a Raspberry Pi Compute Module 3 with the associated IO
board. Because of its high clock frequency and capacity for dual cameras it
was well suited for their intentions. However, it only has 2 PWM outputs,
and since the robot required 5 servo motors at least 3 more were needed, so it
was decided to add a PWM driver from Adafruit. For the base of the robot it
was thought best to have a stepper motor with a single stepper motor driver
for range, since most servo motors do not revolve 360 degrees. The stepper
motor would then be geared down for higher resolution. A 12 V adapter
together with a voltage regulator was used to power everything except for
the Raspberry Pi, which came with its own power supply.

3.3 Development tools

All code was either written on the Raspberry Pi using the text editor "nano"
or using SSH to connect to the pi and using notepadd++. The 3D-models
were designed in SOLIDWORKS 2017 and printed using Creality Ender-3,
Creality CR10 and Original Prusa i3 MK3.

3.4 Implementation

3.4.1 Mechanical construction

One of the more important aspects of the robot in order to have high reli-
ability was accuracy, which, apart from of course resolution of the motors,
requires minimal gaps between moving parts. This was taken into consider-
ation when designing the robot. Because the 3D-printed parts swell a bit it
quickly became apparent that it would require some trial and error to �nd
the perfect measurement. With this in mind the arms, in particular, where
designed so that crucial �tting points could be printed separately so as to not
waste plastic on multiple, quite large prints. Below is exploded and collapsed
picture of the di�erent parts:
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Figure 6: Collapsed view of the �rst arm
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Figure 7: Exploded view of the �rst arm
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Figure 8: Collapsed view of the second arm together with the servo holder
for the servo controlling the gripper
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Figure 9: Exploded view of the second arm together with the servo holder
for the servo controlling the gripper

14



Thomas Danielsson & August Bergh 3 IMPLEMENTATION

Figure 10: Collapsed view of the gripper
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Figure 11: Exploded view of gripper
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Figure 12: Collapsed view of the bearing

17



Thomas Danielsson & August Bergh 3 IMPLEMENTATION

Figure 13: Exploded view of bearing
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Figure 14: Collapsed view of the steppermotor housing together with bracket
for electronic
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Figure 15: Exploded view of steppermotor housing together with bracket for
electronic
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Figure 16: Collapsed view of petri dishes in holder with attachment for robot
base
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Figure 17: Exploded view of petri dishes in holder with attachment for robot
base

3.4.2 Programming

The code could be divided into two di�erent segments, described below:

Programmer

The programmer is used to store the positions. Display output when running
the programmer is seen in �gure 18. As can be seen the programmer have a
few functions, but the general usage is as follows:

ˆ Press C until the position user want to program is chosen

ˆ Use displayed buttons to move servos and stepper motor to desired
position

ˆ Press M to save the position
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One of the main reasons why the positions are coded manually is because of
the goal of being open-source and able to be used in multiple di�erent tasks.
If the robot is assembled di�erently or using di�erent components the same
program could still be used since the positions doesn't depend on calculations
based on hardware for example how the servo horn were mounted. The
calibration position 1 is used for the methods of moving between circular
coordinates described in the robot library section.

Figure 18: Interface of the programmer

Robot library

The robot library contains all the methods for the robot and it is here the
calculations from theory 2.1 is implemented. The following objects are im-
plemented:

ˆ Position
The number(ID) of the position aswell as value for each servo and
stepper motor.

ˆ PlatePosition
Platenumber and positionsnumber. Used for knowing which plate is in
which position.

The following methods are implemented:

ˆ setStepper(Mseq,i)
Setting output pins for the steppermotor driver in accordance to a
sequence list.
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ˆ halfStep(steps,delay)
Keeping track of where in the stepper sequence the motor is and sending
the next sequence number to setStepper.

ˆ startExperiment(PlateNumbers)
Starting the experiment by creating new PlatePostion objects, in the
beginning before movementP latenumberx = Positonsnumberx .

ˆ gripperstate(state)
Closing or opening gripper depending on if a 0 or 1 is entered in state.

ˆ �ndrandempty(numb)
Finding a random empty position, used for putting back plates after
photo is taken. The reason for taking a random position is to move the
plates around and allowing equal lighting conditions.

ˆ updatePos(PlateNum,newpos)
Updating the list of where the plates are after movements. Which plate
that have been moved and to where are entered.

ˆ takePlatePic(PlateNum)
Finding where PlateNum is located, picking it up and moving it to
camera stage. After picture is taken it randomize a empty postion by
the help of �ndrandempty. Moves it there and then calls onupdatePos
to update the list of positions.

ˆ loadall(�lename)
Load a list from a �le and returns it.

ˆ addtolist(list,position)
Adding postion to list, if the position already exist it updates it to new
values.

ˆ getch()
Method for reading input from keyboard, from [1].

ˆ movepos(posnum1,posnum2)
Loads in the list of postions with the help ofloadall, therefore even
after a power outage Moving from posnum1 to posnum2 according to
the method describer in section 2.1.

24



Thomas Danielsson & August Bergh 3 IMPLEMENTATION

ˆ movexy(oldX,oldY,newX,newY)
Similar to moveposwith the exception that it instead moves to a given
x,y position. This is done by calculation, with the help of the methods
below, ofv1 and v2 from section 2.1. With this values it can calculate
the servo values since the 180°is known through calibration position 1.
This means that even thou the robot is assembled di�erently it will still
calculate the correct values for the speci�c position since it is based on
a calibration.

ˆ �nddegrees(x,y)
Help function for movexy, does the calculation according to section 2.1
to �nd the degreesv1 and v2.

ˆ radtodegree(rad)
Converts radian to degree.

ˆ convertMilli(degree)
Converts degree to ms which is the input for the servos.

ˆ straightdown(v1,v2,calv3)
Calculatesv3 according to the theory in 2.1.

ˆ �ndangles(x,y)
Converts v1,v2 and v3 to the servo values that corresponds to position
x,y.

One important aspect of the robot is to make sure it handles power in-
terrupts or other failures. If the experiment runs for multiple days and the
power fails due to some reason the program need to be able to be restarted
and continue where it left o�. This is done by saving current states to a �le,
which it reads from everytime it will move a plate. Therefore the program
always have the updated positions of each plate. This adds extra complexity
since moving plates between two positions �rst requires to �rst read a �le
of in which positions each plates are located and then read in a �le of the
coordinate to the speci�c postion. The saving is used by the library pickle,
an example of this can be seen when the positions from the programmer is
saved in code segmen 1. First it creates a position-object, that adding it to
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the list of objects by using the method addtolist located in the robot library
and �nally saving the whole list of objects to the �le positionsTest:f ile .

Code 1: Saving with Pickle

if(char == "m"):
pos=Position(posnum,serv1_var,serv2_var,serv3_var,serv4_var,stepper_var)
PositionList=addtolist(PositionList,pos)
with open("positionsTest.file", "wb") as f:

for x in range(len(PositionList)):
pickle.dump(PositionList[x], f, pickle.HIGHEST_PROTOCOL)

print("\nPosition saved\n")

Initially the PetriPi-cube's stepper motor was controlled using a motor hat
from Adafruit with the associated, open source library. For the sake of
simplicity and to avoid error messages this was substituted for a single stepper
motor driver for which the stepping code methods were written. The same
solution was later used for the robotic arm.
The PWM board had its necessary control pins connected to the GPIO pins
of the Raspberry Pi and the servo motors connected to the output pins on
the board. The PWM board itself was powered from the Raspberry Pi like
the stepper motor driver. A switching voltage regulator was used to step
down the voltage from the main 12 V power supply in order to power the
servo motors.

3.4.3 Alternative design

Pros and cons of di�erent design were discussed in the initial phase of the
project and some other designes than the robotic arm were suggested. One of
those designs can be seen in �gure 21. This would be a simpler variant with
only one stepper motor rotating a two belts. Between these belts a rod would
be attached which would hold the petri dish holders. The bene�ts of this
design would be simplicity of building, and programming it. The downsides
would be less space e�cient since the plate need to be separated to be able
to rotate aswell as less adaptability to other areas. The robotic arm could
be used in di�erent research areas where other things than petri dishes are
supposed to be moved while the design mentioned here can only operate for
petri dishes.
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Figure 19: Alternative design for robot
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