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AHHoTauusi. CKaHUPYIOIIas 30HI0Basi MUKPOCKOIIUSA JaeT HHGopMalL U0 06 u3yuaeMbIx 06beKTaxX € TOU-
HOCTBIO JI0 JeCSITBIX K COTBIX [I0JIell HAHOMeTpa IIPU BpeMeHHOM pa3pellleHHH B MUJIJIMCeKYH/bl 1 BBILIE.
OcHallleHHe 30H/I0BOT0 MHUKPOCKOIIA OMIOTHUTE/IbHBIMHU IIepPUPepPUMHBIMU JaTYUKAMHU JJ151 U3MEePeHU s TeM-
IIepaTypel U BIaXKHOCTH SIBJISIeTCSI [10/Ie3HOM OILMer. [Ipy H3ydyeHUH SKUBBIX KIeTOK HeoOX0AMMO KOHTPOIHPO-
BaTh U NOJJeP>KUBATh KOHIIEHTPALIMIO YT/IeKMCIIOr0 rasa. [IJ1s1 9Toro HeobxoAMMbl KOMIIaKTHbIE U yL00HBIe JaT-
YMKH YIJIEKUCJIOr0 Ta3a C COOTBETCTBYIOIMM IIPOrpaMMHBIM UHTeppericoM, OpHeHTUPOBAHHBIM Ha I101b30Ba-
Tessi. [Ipy KOHTPOIHpyeMOM IlepeMellleHUH obpasiia, 0cobeHHO TP UCII0/Ib30BaHU U O0/BIIHX 10/Iek 0630pa,
Ba>KHBIMH aKCeCCyapaMK CTAHOBSATCS KOHILI@BbIe JaTUMKU. OHU MTO3BOJISIT He BBIXOJUTD 32 pAMKH BbIOpaHHOL
obnacTu uccnenoBaHus 06bekTa HabMOAeHU . B HaCTOs ek CTaThe OIIMCAHO IIPOCTOe pelleHue 110 3GdeKTUB-
HOMY HCII07Ib30BAHHUIO JATUUKOB TeMIIepaTyphl, BIasKHOCTH, KOHLIeHTpauuu CO, U repeMelleHHUH.
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PERIPHERAL SENSORS FOR SCANNING PROBE MICROSCOPY
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Abstract. Scanning probe microscopy provides information about the studied objects with an accuracy of tenths
and hundredths of a nanometer with a time resolution of milliseconds and higher. Equipping the probe micro-
scope with additional peripheral sensors for measuring temperature and humidity is a useful option. When
studying living cells, it is necessary to control and maintain the concentration of carbon dioxide. This requires
compact and user-friendly carbon dioxide sensors with an appropriate user-oriented software interface. If sam-
ple movements are controlled, especially when using large fields of view, limit sensors become important acces-
sories. They will allow not going beyond the selected area of study of the observed object. This paper describes
a simple solution for the efficient use of sensors that measure temperature, humidity, CO, concentration and
movement.
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BBEJEHUE

st u3ydeHU st OMOIOTUYECKUX CHUCTEM C IIOMO-
IIbI0 MEeTOJ0B CKAaHHUPYIOUlel 30HA0BOHM MHKpPO-
CKOIHU TpebyeTcsl XOPOIIO KOHTPOJHUPOBATD yCJIO-
BUS NPOBeJeHMs 3KCIepUMeHTa: TeMIlepaTypy
1 BJIa>XHOCTb OKpYy>KawpIled aTMocdephl, KOH-
LIeHTPallHIo pa3/lUYHBIX Ta30B U T.1I [1, 2]. K mpu-
Mepy, AJ1s1 U3yUYeHHU s SKHUBbIX KJIeTOK HeobXoquMo
Co3/1aTh BHYTPH O0Kca C M3yyaeMBIM MaTepHaioM
aTmocdepy ¢ 5%-Hou KoHLeHTpauuen CO, U TeM-
nepatypoit 36°C. CrmeLHaabHO sl 3TOTO 6BlIa
paspaboTaHa mporpaMma fAJjsi MOHUTOPHUHTIA
NaHHBIX YC/IOBHUH C HCIIO/Ib30BAaHHEM MHKPOKOH-
TpoJijiepa B KayeCTBe yIpPaB/IAOIIero 3jJieMeHTa
U Iepupepruy BBICOKOYYBCTBUTEIbHBIX JATYHUKOB.

ANMNAPATHOE U MPOrPAMMHOE PELLEHUA

B KxadecTBe OCHOBBI OBIJIO peIleHO HCIIONb30BaTh
miaty Arduino. Bo-miepBBIX, OHA JJOCTATOYHO JIETKO
[IpOrpaMMHUPYeTCs U, BO-BTOPHIX, I103BOJIsieT Oe3
JMUIIHeH 06BSI3KHU MOAKIIYUTh K MUKPOKOHTPOJI-
JIepy MHOSKeCTBO yIIPaBJIsSieMBbIX YCTPOHCTB. Tak Kak
MHOIHe JaTYuKHU paboramoT c 3,3-B annapaTtHoHn
7orukox, Beibop man Ha Arduino MKR Zero. B naH-
HOM IlJIaTe YCTaHOBJIEH MUKPOKOHTPOILIEP GHUPMBL
Microchip (Atmel) ATSAMD21C1 ¢ BEIYHCTHUTEb"
HbIM aapom ARM Cortex MO. dapo aBisercs 32-pas-
PSAOHBIM, YTO II03BOJISIET BBHIIIOJIHSATH BBIUHUC/IEHHU S
C 4eThIpexbalTOBBIMU JAHHBIMH BCEero 3a OOAUH
TaKT. B COBOKYIIHOCTH C OTHOCHTEJIBHO BBICOKOM
TaKTOBOU 4YacToTor (48 MI'L1) U 6ONBIIUMU 06Bbe-
maMmu Flash- u SRAM-mamsatu (256 K6 u 32 K6 coot-
BeTCTBEHHO) JAHHBIM MUKPOKOHTPOJLJIEP SIBJISIETCS
MOIIHBIM BBIYHCIHUTENbHBIM HHCTPYMEHTOM
U criocobeH ObICTPO MPUHUMATh BXOASIIHE JaH-
HBIe, JIETKO UX 06pabaTeIBaTh U OIEPATUBHO IIepe-
IaBaTh ClelyNmeMy YCTPOHCTBY. Kpome Toro,
obmieHMe ¢ ynpaBiaseMbIMHU (HallpuMep, OaT4YH-
KaMHM) U YIPABISIOIMKUM (HallpUMep, KOMIIbIOTe-
POM) YCTPOMCTBAMH OCYIIeCTB/IseTCS Ha JAaHHOM
IJIaTe C UCII0JIb30BAHUEM C/IeAyIONINX HHTepder-
coB: UART/Serial, 12C, SPI. Bce 3To menaeT jaaTy
Arduino MKR Zero Haunbonee mpearIoYTHUTETbHON
M aKTYaJbHOM JJIsl pellleHH s BO3JIO’KeHHOM Ha Hee
3a[1a494 — OCYIIeCTBIEeHHS TOYHOTO KOHTPOJIS YCII0-
BHM IIPOBeJeHMS 3KCIepHMeHTa B pPeaJbHOM
BpPeMeHH.

INTRODUCTION

To study biological systems using scanning probe
microscopy one needs to control the experimental
conditions: temperature and humidity of the envi-
ronment, concentration of different gases [1, 2], etc.
For example, to study living cells it is necessary to cre-
ate an atmosphere with 5% concentration of CO, and
temperature 36 °C inside the box with the studied mate-
rial. Especially for this purpose, a program was devel-
oped to monitor these conditions using a microcontroller
as the control element and periphery of highly sensitive
Sensors.

HARDWARE AND SOFTWARE SOLUTIONS

The Arduino board was chosen as the basis of con-
trol unit. Firstly, it is easy enough to program and sec-
ondly, it allows easily enough to connect many control-
lable devices to a microcontroller without extra wrap-
ping.Since many sensors work with 3.3 V hardware logic,
Arduino MKR Zero was chosen. This board contains a
Microchip (Atmel) ATSAMD21G1 microcontroller with an
ARM Cortex MO processing core. The core is 32-bit, which
enables to perform calculations of four-byte data in just
one clock cycle. Together with the relatively high clock
frequency (48 MHz) and the large Flash and SRAM mem-
ory (256KB and 32KB, respectively), this microcontroller
is a powerful computing tool and is able to receive incom-
ing data quickly, process them easily and transmit them
promptly to the next device. Furthermore, communica-
tion with controlled (e.g. sensors) and controlling (e.g.
computer) devices on this board is done using the follow-
ing interfaces: UART/Serial, 12C, and SPI. All this makes
the Arduino MKR Zero the preferred and most relevant
board for the task assigned to it - performing accurate
real-time control of the experiment conditions.

A DHT?22 sensor is used as a temperature and humid-
ity sensor. This sensor supports 3.3 V logic and measures
humidity in the range 0-100% with a resolution of 0.1%
and an accuracy of + 2% and temperature in the range
-40-80 °C with a resolution of 0.1 °C and an accuracy of
+0.5 °C. The period between sensor measurements is
2 seconds. The sensor may be connected to any digital pin
of the board. The values are read out using the DHT sen-
sor library.

Two sensors are used to measure carbon dioxide con-
centration, one inside the system and one outside. The
external sensor controls permissible CO, concentration
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B KXauyecTBe JaTyHKa TeMIlepaTyphl U Bja’K-
HOCTH HCIIOJB3yeTCs OaTYHK mMonaenu DHT22,
JaHHBIN OAaTYUK IOALep>KHUBaeT 3,3-B MOoruky
M I103BOJIsIeT M3MepATh BJAAXHOCTbL B JHalla-
30He 0-100% c paspemeHueM 0,1% ¥ TOUHOCTBIO *
2% W TeMIepaTypy B AuaImasoHe -40-80 °C c pas-
pemenueM 0,1 °C 1 TouHOCTBIO 0.5 °C. ITepuofn
MeXIy U3MepeHHSIMH JaTuuKa COCTaBjseT 2 C.
[Togk/IO4YaeTCsl JATUYUK B 110601 HUPPOBOK MUH
nnaatel. CYUTEIBAHHE 3HAaYeHUU IPOM3BOJUTCS
c ucnonp3oBaHueM bubnumorexu DHT sensor
library.

Hnsa u3MepeHHs KOHLEHTPALMU YITIeKUCIOro
rasa NpUMEHSIOTCS OBa JAaTYMKA: OOMH M3 HUX
HaXOQHUTCS BHYTPH CHCTeMBbI, APYyTroH — CHa-
py>ku. Hapy>KHBIM JaTYUK He0OXOOUM [ KOH-
TPOJS AOMYCTHMOIO YPOBHS KOHLEHTpPaLlUH
CO, Bo3J1e 3KCIIepUMeEHTaTOpa, UTOOBl Ipeny-
IpefUTh HEOKHUJAHHYIO yTeuKy rasa us 6okca,
IIOCKOJIbKY IOBbIIIeHHAa sl KOHIeHTPaL K YIJIeKHC-
7oro rasa B aTmocdepe criocobHa HaHeCTH Cepbes-
HBIN Bpe/J 3[J0POBBIO UejloBeKa. /sl 9TOH LielH
Ob1s1 BEIOpaH HATUYMUK YIJIEKHC/IOTO ra3a MoJenu
MH-Z19c ¢upmsl Winsen. [luamna3oH H3Mepe-
HUH - 0T 0 10 5000 ppm ¢ TOUHOCTBIO + 50 ppm + 5%
OT CYMTHIBAEMOI'0 3HAUeHHU . [lHalMa30H He O4YeHb
KM POKHU, Bcero 0,5%, HO ero BIIOJIHe JOCTAaTO4YHO.

BTopou maTUYHUK TOH ke GUPMBI MOLeIH
MH-410D saBisieTCss UHAYCTPHUAJIBHBEIM U IIpeJo-
CTaBJIgeT JHUAIa30H U3MepeHHUH yxe oT 0 10 5%
IIpU TOM >Ke TOUHOCTU. MMeHHO OH b6yJgeT Haxo-
OUTBHCS BHYTPH HUCClIelyeMOH cucTeMbl. Ob6a gaT-
YMKa TpeOyIOT MUTAHMUS HAINpPSIKeHHeM B 5 B u
HoooepKUBAKT 3,3-B JTOTHUKY 0bILIeHUS C IJjIa-
Tor. KpoMe TOro, nmokasaHus c 060HX JATUHKOB
MOTYT CHUMAaThCA KaK IIMM-cursai c muHa Vout,
Tak U o uHTepdericy UART NpU NOAKIIOYEeHUH
Kk nuHaM RX u TX. ITockoneKy miaTta Arduino MKR
Zero nojJep>KHMBaeT BCeT0 O HUH [0II0JIHHUTe/bHBI T
KaHas Serial (ocHOBHOM HcITONB3yeTCs A 061me-
HUS IIJIATHI C KOMIIBIOTEPOM), TO B Pea/in30BaHHOM
HaMU CHCTeMe C BHYTPeHHero JaT4uKa CYUTHI-
Bascs IMM-curHasl, a Hapy>KHBIH OB ITOAKIIIO-
4yeH K KaHany Serial. Jlng 06paboTku curHanos
611 paspaboTaHbl co6CTBeHHBIEe 6UOIMOTEKH
MHZ419C 1 MH410D.

Tak>ke B paMKax AaHHOM CHCTeMBl OCYIIeCT-
BJISIeTCSI KOHTPOJIb YIIPaB/IeHHUS NPelu3H0OHHOU
CHCTeMOH IepeMemeHHs o6pasma Npy MOMOILH
OIITHYECKHX KOHIeBHIX JAaTYHKOB.

HanwucanHas g1 Arduino mporpaMma ocymiecT-
BJISIeT CYUTHIBAaHHE U 06paboTKy CUIHAJIOB JaT4YH-
KOB M aJIbHEHIIYIO KX OTIIPaBKy Ha KOMIIBIOTED.
s oTobpaskeHU s TapaMeTpPOB Ha KOMIIBIOTepe
6511 pa3paboTaH crmenUanbHBIN HJIAruH (puc.l)
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Fig.1. The control program window interface. Among the indica-
tors: temperature, humidity, CO, levels outside and inside camera

near the experimenter in order to prevent unexpected
leakage of gas from the box, as an increased concentra-
tion of carbon dioxide in the atmosphere can cause seri-
ous harm to human health. For this purpose a Winsen
carbon dioxide sensor, model MH-Z19c, was applied. The
measuring range is 0 to 5000 ppm with an accuracy of
+50 ppm + 5% of the measured value. The range is not very
wide, only 0.5%, but it is sufficient.

The second sensor from the same company, model
MH-410D, is an industrial sensor and provides a measur-
ing range of 0 to 5% with the same accuracy. This is the
sensor that will be located inside the system under inves-
tigation. Both sensors require a 5 V supply and support
3.3V logic to communicate with the board. In addition,
readings from both sensors can be taken as a PWM sig-
nal from the Vout pin, or via the UART interface when
connected to the RX and TX pins. Since the Arduino MKR
Zero board supports only one additional Serial channel
(the main channel is used for communication between
the board and computer), in the system we implemented,
the PWM signal was read from the internal sensor, while
the external sensor was connected to the Serial channel.

MHZ419C and MH410D proprietary libraries were devel-
oped to process signals.

Also, within the framework of this system, the control
of the precision sample movement system is controlled
using optical limit sensors. The program written for
the Arduino reads and processes sensor signals and
then sends them to the computer. To display the
parameters on the computer, a special plug-in has
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C ucronab3oBaHHeM pperiMBopKa Qt Ha si3bIKe C++.
C moMoOIIbIO IIJIATMHA BBIIOJHAETCS COeIHHEe-
HHe c naTon no uHtepdericy UART u oTobpaxke-
HHe JaHHBIX B BU/Jle TPadHKOB BeJIUYHH (TeMIlepa-
TYPBI, BJIA)KHOCTH, KOHLEHTPAaLIUK YIJIeKHCIOr0
rasa BHYTPH U CHapy’KU HU3ydaeMOK CUCTEMBI) OT
BpeMeHH.

BbIBO/1bl

[N NpeLlM3MOHHON CHUCTeMBl NepeMelleHH s
obpasua no KoopauHatam X u Y 6b1710 paspabo-
TaHO IpOorpaMMHOe obecredeHHUe, IIO3BOJISIO-
Iee IPOBOJAUTh CYUTHIBAHHE CUTHATIOB C KOH-
LIeBBIX JATUMKOB M OCYIIeCTBISTh YIIPaBIeHHe
IIaTOBBIMU JIBUTaTeNsIMHU. KpoMe Toro, c momo-
B0 IIPOrPaMMHOr0 obecredeHHsI MOKHO KOH-
TPOTHUPOBATH IIepeMellleHHe o6pa3ma B gHaIa-
30He 0-12 MM C TOYHOCTBIO 10 e JUHHI], MUKPOHA
(puc.2).

BJIATOAAPHOCTH

Pabora BBIIOJTHeHA IPU GUHAHCOBON IIOJ-
Iepskke POHIA COMENCTBUSI HHHOBAI UM, IPOEKT
Ne 71108, morosop 0071108. ABTOpbI 61aromapHsl
komIaHuu OO0 "Iupop” (MockBa) 32 COLENCTBHE
B BBHIIIOJIHEHHU U PabOTEHL.

WHOOPMALMUA O PELLEH3UPOBAHUN

Pemakuus 6arofapuT aHOHHMHOTO pelleH3eHTa
(peLeH3eHTOB) 32 UX BKJIAJ B pelileH3UpPOBaHUE
3TOoN paboThl, a Tak>ke 3a pa3MelleHHe CTaTeHn
Ha CaMTe XXypHaja U lepefavyy UX B 37IeKTPOHHOM
Buge B HO6 eLIBRARY.RU.

Jekaapauus o KOHPAUKMe UHMepecos. Asmopbl 3098~
Asilom 06 omcymcmauu KOHPAUKMO8 UHMepecos UAU AUMHbLX
0MHOWeHUil, Komopble Mo2Au bbl n08AUAMb Ha pabomy, nped-
cmasAexHyto 8 daHHOI cmambe.
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Puc.2. Cucmema npeuu3uoHH020 nepemel,eHust 06pasua no
KoopduHamam XY
Fig.2. XY-coordinate precision sample movement system

been developed (Fig.1) using the Qt C++ framework.
The plug-in is used to connect to the board via UART
interface and displaying data in the form of graphs
of values (temperature, humidity, carbon dioxide
concentration inside and outside the system under
study) are plotted vs time.

CONCLUSIONS

Software has been developed for operating of preci-
sion X- and Y-coordinate sample movement system,
which allows reading signals from the limit sensors
and the control of stepper motors. In addition, this
software can be used to control the movement of
the sample from 0-12 mm with an accuracy of a few
microns (Fig.2).
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