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30-printer automatic calibration {part 1)

Short summary

At the moment the FOM 3d printing industry is moving towards 2 print head system, or itis already
there. The main issus with this approach is the calibration. The fully automatic bed calibration
technology is already in the market, however something like that for ¥-, ¥- and Z-axes does not exist
or at least in the moment of writing | was not aware of it.

| am Dr. Ténis and | worked till the end of 2018 in a startup developing our own high end 3d printer
[the main competitors were Ultimaker 55, Leapfrog Bolt and Raise3D Pro2). Our team was smiall and |
was responsible for the electronics and software (PCB design, component selection, user interface
software, firmware, ebc.). Atter some financial difficulties the management decided to close to
company. It is a pity as the printer was almost ready and | really enjoyed the wark.

During the fully automatic bed leveling system implementation, | had an idea how | could build a fully
automated X-, ¥- and Z-axis calibration system. The protobype is an external device that is attached to
the printer before the calibration process and after the calibration is done the device has to be
remaoved.

The idea is in an early stage prototype and needs further testing and improvements. Nevertheless,
the hardware of the calibration device is very cheap and would cost less than 105 (only the
measuring device, controller miot included ).

Since | was not able to realize the idea I'm publishing here the concept. At the same time | am
explaining relatively thoroughly how a dual head 3d printer calibration is done.

Our developed printer printhead construction was very close to BCN Sigma design, thus the following
discussion explains how BCM does the calibration. And how the automatic device could be used with
their printer, however the same principles apply to all other printers. For example, with Ultimaker
only the T Z calibration could not be done very precisely by using this method, all other calibrations
could be done without changing arything. If we know that the calibration device is always (et say)
11.2mm thick then one can use that for Ultimaker TO Z calibration, nevertheless most probably a fine
tuning would be needed.

| assumie the device could be used even with a CMC machine, although with several limitations. Inthe
CMC machine the Z calibration is a critical component and that could be easily done with this
calibration device. However, | do not have much experience with a CHC machineg, thus my
assumption could be wrong.

The prototype has been partially tested and for the Z axes it works well {limitations mentioned later
inthe Known issues chapter). The X axes has been tested too and there theoretical accuracy of
0.05mm has been achieved. Testing has been successful, nevertheless some more work would be
needed.
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ZD-printer automatic calibration (part 1)

Calibration Theory

Z calibration theory

‘Why Ethe Zcalibration very important? & good 24 print neede that the bed and the £ is well
calibrated. The bed calibration ensures that the first layveris even and the Zcalibration ensures that
the layerthickness & a= wished. If the £ calibration is not properly done the first layeror lavers will be
too thick orthin. It can cause the print to end up in a not acceptablequality level orto fail.

Let's start by looking at the left tool head TO.

TO calibration

In BCM Sigma the Z endstop & placed close to the TO nozzle (left tool head). A= could be seen from
the following sketch the endstop isat a higher lewel thanthe nozzle. It's important, since during the
printing one needsthe dietance between the nozzle and the endstop.

Hubend Erdslop

O e o
) Heated Bed

Mozle ""@ [:

WWhenone does homing he needs to reach the end=stop =witch. That can only be achieved when the
whole hatend & moved enoush to the left so that the nozzrle can go nest to the heated bed.

@ . .
Iove the bed L pvards

=
I@ Heated Bed
|eft edee of

the bed | |

Mow the bed can be mowved upwardswithout collgion between the norzle and the bed. The bed &
mowved upwards untilthe Endstop switch & touched and triegered. The mechanical contact tregers
the switch ON and one knows that the zero point [Z =0) has been found.

Or. Tane



ZD-printer automatic calibration (part 1)

Heated Bad

This upwards movement & done by the printer firmware [Marlin]and one doesn't have to consider

the complesity about that. The homing command “328 ¥ does everything what's needed [obvioushy
the firmware has to be configured propery).

Mow the printer knows where the zero point &, howeverthat’s not thesame a= the nozzle tip E.

“When one wants to move the nozzle on top of the bed the callision between the nozzle and the bed
E inevitable.

Hestzd Bed

It's clearthat one needs to tell the printerwhat is the difference.
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From the above sketchone can =ee that the calibration tell=the printer the difference between 2,

and .
EI:I = EJ._ EE. = -aunll

Az onecansee the correction factor fortheTO has negative value. The 0 level Eshifted to the nozzle
height and the end=stop will be on the negative side.

Or. Tane



ZD-printer automatic calibration (part 1)

The correction factor can beset inthe printer by M206 command:

) Eﬂ?ﬂ}
And saved with

MSoo

Forexample, when the difference between the nozzle and the endstop is 2mm then the correction
factorthat needs to be sent to the printeris
M20g -2

Like thi the left estruoder TO is calibrated. There are several methods how to define the 20 value, and
the one used by BCM Sigma will be briefly explained |ater.

T1 calibration

By BCM Semathe right tool head moves independently from the left one. Inthe ideal case both tools
are at the =ame height.

f=d

Unfortunately that'svery rarehy the case. They may ook like at the =ame height, howewver when the
print laver height iz 0.05mm or even less then it makes a hugedifference f the nozzles are at the
zame heght orslighthy different.

Or. Tane



ZD-printer automatic calibration (part 1)

Itcan happenthat the T1 is hisher or lower than the TO:

Tl i

el i

e . o e e e

AEain there are several methods to determine the height difference between the toals. The
correction factor inthe printercan be set by M218 command:
M218 T1 55 ]
And=ave it with
MG
If T1 & belkw TO then the £, is negative and vice versa.

Or. Tane



ZD-printer automatic calibration (part 1)

x and ¥ calibration theory

X and Y axe= calibration pmcess is exacthy the z=ame, just they are 90 degrees turned. When one talks
about the X ar calibration then the same is valid for the ¥ or X calibration, respectively. Usually it's
much easier to perform the calibration separately. One focuzes fist onone ases and thenonthe
otherone.

First, why & the X/ calibration impaortant *When doing two material print one would like to have
good alenment between the printed lines.

If the calibration is not properly done the lines can overlap:

 cali crated % al braled

In an ideal cz=g, when the toolheads are built, the alienment will be achieved. In reality it can happen
that there & some mitchmatch [dX and d¥)and the calibration compensates it.

Or. Tane



ZD-printer automatic calibration (part 1)

¥ =

all

v ¥

The method how the differences d¥ and d% for BCM Sema will be briefly introduced |ater. The
correction forthe printer can be set by M218 command:
MI1E T XJEX] YIEY]

Or. Tane



ZD-printer automatic calibration (part 1)

Manual calibration

Az the calibration & very important every printer has some kind of calib@ation procedure. In the
following the calibration in BCM SEma will be briefly explained.

Z calibration

Az diEcu==ed before one needs to find the height difference between the nozzle tipp and the end
stop. By BCN SEma it can be done by usinga nomal piece of paper.

After homingthe tool head is moved inthe middle of the bed and Z & increased enough to be sure
there & no collgion. The bed is moved slowly upwards until there the paper has contact with the
nozzrle. Before that the papercan freely move, after the contact the mowement & limited. To find the
perfect contact strength needs some practice, however, it's relatively simple and reliable method.

By az=uming that the paper thickne= & 0.1lmmone can define the height difference between the
nozzle and the encstop.

The zame procedure can be used forthe right toolhead T1too. Thenthe height difference between
the nozzlesaredefined.

XY calibration

By BCM SeEmathe X and the axes are calibrated =eparately. The calibration isdone by drawine lines
with predefined mEmatches. Like this the best fitting lines can be defined and the d¥ defined. The
erample=zketches are not in =cale, howewer they try to etplainthe pocess.

dx =0.00
— - L= un = LM o
= pul- t: =] = ] ;I. = i
=l 3| 5| 2] 5] 3| 5] 9| =
1 1 I T
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ZD-printer automatic calibration (part 1)

dx =40.15

DZ 0+ = X
ST0+=XP
OE (= = ¥P
§0°0+ = Xp
000+ =¥l
ENTERT
or'o = Xp
L0 =k&F
RENTEETH

d¥ =008

00+ = Xp

L = ¥R

0724 =¥p

a0+ = Kp

QU+ =xp

SOl =X

ma-=xp

sTd-=xp

M- =Xp
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ZD-printer automatic calibration (part 1)

Automated calibration

Calibration is very important, however it can be quite tedious to perform it manually. Inomderto
make it ex=ierforthe end useran automat ed calib@tion device could be offered. Thie device helps to
determine the calibration values for each interested ases: 2, 7, ¥ and Y. All the calibration
procedures decussed further a=ume that the heated bed & already calibated.

Z calibration

Before onecould calibate X and ¥, Z has to be calibrated. Thus, one focuses first on the latter.
Additionally, TO iz explained at first, a5 it defines the T1 calibration values.

“Whenthe bed iscalibrated it doesn't matterwhat’s on the bed surface (== long &= it has constant
thickness) the endstop zem point E always easy to determine:

| Healed Bed |

R Cnnrre

? =7 L#’
B Tnome

Addilional layen un calibralicn device

Heatesd Bed

That's very useful 2= one can add something onthe bed to determine the Zdifference between the
endstop and the nozzle (Z_ ).

The hotend [the whaole hotend and heater with the housing [forsimplicity they are not shownon the
sketches]) & made from metal and & thmugh connection PCB boams electrically grounded
[azumption). Due to non perfect contacts the grounding & not perfect, nevertheless sufficient for
thiz application. Thus, one could wse thisto determine when the nozzrle has contact with a suface.

Firzt the homing & made. By this the Z,=0 point & determined:

Or. Tane
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ZD-printer automatic calibration (part 1)

@ * o
EI]-- 2r\.l'.|r-|' "-L....-l"

Addd tional lzyer or cslibration device

P

Heaied Bed |

Mow the tool head & mowved so that it can touch wery close to the same point where the endstop

contact was (here X and ¥ location ismeant]. A= the X and ¥ are not calib@ated the exact boation
can't be reached, however it has minimum effect on the accuracy:

. 1@ |ee

]

=
Eﬁ-_zmll rp @

F=

Callerotlon deyvice

Heated Soa

Whenthe tool head & mowed closer and closerto the Calibration dewvice eventually there will be a
contact between the Calibration device surface and the nozzle.

. =||" =
E.-n_l:l r I.
e
7 =7 T 11-;'—-. .-I
=B “rnoce _-l-_‘-—"_'hhi'"
-'r - - -
v = Calibrator desvice

I eated e

If the Calibration device could recognize the grounding moment, the 2, =2, -7, =-Z __ waluecan be
determined.

To recognize the ground conmtact one needs thefollowing components:

® Something to mesure volage

® Some kind of voltage source, 5o that there is something to measure fwe use 5V

® A pull up resitor [10k5D iz 8 eood value)

Or. Tane
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ZD-printer automatic calibration (part 1)

Az long &= there & no contact 5V is meaured, with contact the measured voltase drops to 0. In
reality due to imperfect grounding of the tool head it can be higherthan 0. Thus, we measure i the
voltaze change & sufficient. Far example, if the voltage drops to 2.5V we assumethat there isa
contact between the calibration device and the nozzle.

L Mo contack = Cunlacl

Interasted
$

point r
i Someting to v something tc
“easre wolkage mieasure voltage
Fesistar Resistnr
R=10&0 R=10kL}
Yaltage 5\ Yeltape 5y
sOUrce: 3% SOUFTR: GY

Withthe contact one knowsthe £, value and the comection value can be sent to the printer:

M2O6 77, ]

Like thEe the TO £ is calibrated.

The T1Z calibration is similar. After homing the Zone knows where TO zero point is, however a
mentioned earlierthe T1can be higher ar kbwerthan TO [proportions are exaggerated on the
sketches):

Or. Tane
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ZD-printer automatic calibration (part 1)

-
[
L=
-

Tooll

To prevent collgiomns after homing the Z ases one movesthe bed with the Calibration device
sufficient amount down [increase the £). During the homing T1 iz next to the bed and thereis no
collizion possibility.

re=—==—"""1

Czlizratin- drvioe

Y Iiented Nerd

Calizration devioe

Hested Bad

Or. Tane
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The TO iz moved away and the T iz moved the =ame place where the TO £ calibration was done
there isahways some X, ¥ mismatch &= these asesare not yet calibrated). Asdiscussed eadierthe
exact point is not necessary, close enough is sufficient. The bed E moved upwards until there isa

ZD-printer automatic calibration (part 1)

contact betweenthe Tl and the Calibation device.

—_——_—————

4
Calibration device
Ferated Bed
T T
I Taal 1 I
I I
' |
| .
I I
I i
|- @]
=
z—u‘i' : L i
=0 -
2 =
2
Calibration devioe
I eated Bed

W!ith the contact, the 2, walue is known and that can beused asthe calibation value forthe printer:

M218 T1 T ]

The=zame cimuit and device can be used 2= with TO.

Mowthe £ is calibrated forthe TO and T1. Nowonecould focus on X and .

¥ and ¥ calibration

A= already discussed the X and ¥ calib@tion isthe same for both ases, thus anby X ask calibration is

decu=ed.

Or. Tane
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ZD-printer automatic calibration (part 1)

Similardyto Z calibration one can "measure” the nozzle position by having acontact. First, TD position
& defined, thereafter T1. When one knows TO and T1 position the X diference dX can be easily
defined. Howto define the TDand T1 position? | could be done by using a fine grid:

- |

Az can be=een the mematch dx between TOand Tl center points is 14 grid lines. When the distance
betweenthe grd lines are known, the distance betweenthe TOand Tl can be ex=ily calculated. Fora

fine accuracy the grid has to be &= fine a= possible.

If the grid & at the zame time in X and ¥ axes [so that anet & formed) one could determine the
position forthe both asessimultanecusly. This kind of grid can be found for example in resistive
touchscreens, howeverthe resolution in such dewices is not high enough. Therefore, acustom made

erid will be used inthe prototype PCE design.

k.

Or. Tane
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30-printer automatic calibration {part 1)

Practical prototype

Theory is nice, however one should always test it in practice. Hence a protobype PCE has been
designed and tested. These protobype has not been used with the BCN Sigmal The text is written for
the developed printer, thus everything writken in the following is focusing only on that specific
printer.

The voltage measuremeant is done by an Arduino UMD, The Arduino can measure voltages and
communicate with a computer [we used a Raspberry Pij through a USE cable. The USE
communication is achieved with a simple FT232 chip. It's a very common one and doesn't require any
configuration.

The calibration device is connected with the printer through a USE cable. The USE has many benefits-
it can transfer power and data at the same time. Additionally the cables are very commionly used. A
micro USE (version B) has been chosen due toits relatively small size and wide usage.

As said, the board power comes directly from the control computer. This allows using only one cable
from the available LISE port.

The user has to fix the calibration device properly, even with the slightest movement during the
measurements means wrong calibration results. For the fixing a 3d printer frame has been used.

PCB

The PCE from the top:

Dr. Ténis
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The PCBfrom the bottom:

ZD-printer automatic calibration (part 1)
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ZD-printer automatic calibration (part 1)
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30-printer automatic calibration {part 1)

Schematics
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All the capacitors are for voltage stabilization. They are there to keep the voltage stable when one
has contact with the nozzle or the connection with the USE cable is suddenly weaker.
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30-printer automatic calibration {part 1)

The resistors R11 to R27 are pull-up resistors for the measurement grid.

Arduino chip U101 can measure voltages, however it has only & pins that could do that. For reliable
testing conditions one needs as wide grid as possible. Therefore a multiplexer U711 is used. The
multi plexer can be used to measure voltage at up to 16 different points.

Between the Arduino and the LUSE cable a USE to serial converter is needed. For that U412 is placed.
All the other elements are for security and or performance indication [LEDs).

Headers could be used for bootloader and program uploading, power testing and some other
functions. They are not needed in the production series.

Z calibration

WVery similar procedure described in the following is used by Zortrax. For the homing and bed
calibration.

As described eadier, the Z calibration starts with homing. The endstopis trigeered on the "2
calibration area” ensuring that the calibration height fits later with the endstop.

Itis clear that the placement of the calibration device is very important. The device will be placed and
fixed on the left side of the bed, where the T0 and the endstop is. The device placement in the ¥ axes
has to be fixed so that the calibration areas are in the desired range.

The size of the "Z calibration area” is made relatively large so that even when the T0 and the T1 are
very far away from each other the area can be reached. Additionally, it simplifies reaching the area
with the endstop.

Before doing any homing the old Z calibration values are deleted:
M206 20
M2IBTI1 ZN0
MS00

After homing the bed is moved down (Z is increased to Z = 5). The height should be sufficiently high
to avoid collisions even when the longest nozzles are used. On the other hand too wide distance
requires longer calibration time. Total calibration time is depending on the resolution and the start
height, but will be always less than 20 seconds.

Whien the Z height is reached the T0 is moved to the calibration point (X=X
Step-by-step the bed is moved upwards toward the nozzle. Each time the bed moves 0.05mm

G aAnd ¥ =y _

upwards. The step resolution defines the accuracy of the Z calibration and could be reduced.

Each time after the bed has moved a check is made if there is a contact or not. The contact check
means, measuring voltage onthe large *Z calibration area”. if the voltage has dropped below
predefined value one can assume there is a contact bebween the nozzle and the metal surface.

Dr. Ténis
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30-printer automatic calibration {part 1)

The Z value when the contact happens, Z_, will be used as the calibration value for TO (the negative
value of the Z_ is the correction factor):
M206 2[-Z ]

After saving the value to EEFROM, homing is needed to use the newly calibrated Z value. The TO Z is
calibrated and one can now calibrate the T1 Z

When TOis homed the TO is moved toits parking position (X=X I. The Zis increased to prevent

homsTd
collision as the exact position of T1 is not known. Practical tests have shown that 2= 3 is enough
here, since inreality the nozzles should be more or less at the same height (2, = £0.5mm).
The T1is moved to the same calibration point as TO was (X =X_ and ¥ = ¥_ ) and the Z height will be
reduced until contact. The resulting Z value, Z,, will be used as the calibration value (sign has to be
changed):

M218T1Z[-Z]

After saving and homing the new calibration values are set.

Since Marlin { printer firmware) doesn't allow moving the bed outside the possible limits (especially
negative Z) one has to adjust the values slightly. Atter homing the endstop defines the Z = 0 point,
since the endstop is the minimum point the Bed is not allowed to go negative values. That makes
sense and is needed for the safety.

It can happen that one needs to go to the negative zone, that's especially with the T1. Therefore,
after moving the bed to the desired height Z = 3 it's said to the printer that the actual Z height is &
mm higher. 5o the printer assumes that the height is actually Z =8 and one can move the bed evento
the real negative values.

To adjust wirtually the Z value one should use M92 Z[3 + 5]
92 78
After finding the contact point and the Z, value one has to subtract the 5 mm:
Z,=Z,-5
Change the sign:
zZ,=-Z,
Send it to the printer
M218TZ[Z,]

X and Y calibration

The nozzle ¥ and ¥ position could be determined by using a net of sensors. Nevertheless, in practical
device it's relatively complicated and therefore the ¥ and ¥ axes are separated. The ¥ calibration
process is exactly the same as for X (the only difference is the movement axes). Thus, here only the X
calibration is explained.

Dr. Ténis
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The measuring grid consists of 16 evenly distributed lines. This is limited by the multiplexer. The lines
are 0.2mm wide and are separated by 0.Zmm. This resolution is given by the PCB manufacturers
[cheap Chinese ones). The resolution could be increased with exponentially increasing production
costs. As will be discussed later the 0.2mm resolution is high enough and allows approximately
0.05mm calibration accuracy (assuming that the ¥ axes can move with the 0.05mm accuracy).

The ¥ calibration starts with homing all the axes. It's important to know the exact position and
homing is the simplest way to do that.

First, TO nozzle position is determined. After homing Zis increased to £ = 1, this prevents scratching
and collisions when moving over the calibration device. The toolhead is moved to the desired
position (desired X and ¥ position).

Since the Z is calibrated one doesn't have to worry too much about moving slowly up and d owrn with
Z. One can go fast from 2= 110 Z = 0. In reality, as the PCB is sufficiently flexible, Z = -0.25 is used for
better contact.

The theory and mathematics how to determine the niozzle center point is not described here.

In the ¥ axes exactly the same procedure is made.

Dr. Ténis
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Known issues

1. What happens when the nozzle is not perfectly flat?
As the grid system is used to determine the nozzle center point the imperfect nozle bottom
surface affects the results. During the testing it was noticed that the used nozzles had wsually
deformed nozzle end and that affected largely the accuracy.

2. What happens when the nozzle is dirty?
Used nozzles usually are covered with some filament rests and that can cause some issues.
Therefore all the test with the prototype has been made with removed filament and with
high temperature nozzle (@ 220°C), so that the filament bebween the grid and nozzle is soft
and could be squeezed away if needed.

3. What happens when a non metal nozzle is used?

As the procedure is based on the electrical contact non metal nozzles cannot be used with
this method.

4. What happens when the calibration device is not inthe correct place?

It can happen that the nozzles are not exactly in the position that was planned, thus the

nozzle is outside the grid area.

Dr. Ténis
24



ZD-printer automatic calibration (part 1)

Some pictures of the prototype in our printer

30-printed frame to
lix Lhe calibralion

-calibration area

. . -
7 calibration are: _

-calibration area

UsB cable for
communication and
povier
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