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Abstract

Based on the urgent demand for low-cost, high-precision automated equipment in biomedical la-
boratories, an automated liquid handling system was designed and developed, which is based on
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multi-axis pulse timing control using G-code. The system adopts a modular architecture, utilizing
the MKS Monster8 V2 as the main controller equipped with customized Marlin firmware. It inte-
grates six 42 stepper motors. The pulse-displacement-velocity relationship was derived, and the
pulse frequency for each axis was calculated based on a time reference. In the software, synchro-
nous interpolation for multiple axes—including rotation, lifting, liquid handling, and XYZ move-
ment—is computed. G-code is generated and sent to the main controller, which interprets the com-
mands and controls the motor movements to perform the opening/closing of cryovial lids and high-
precision liquid handling operations for biological samples. The system employs TMC2209 drivers
to achieve 256 microstep resolution control (accuracy up to 0.007°). Experimental results demon-
strate that the system achieved a 100% success rate in operations on a 24-well cryovial plate, where
an operation was considered successful if over 80% of the lids were successfully opened or closed.
The pipetting accuracy error was less than 3.00%; the movement error was less than 7%, and could
be reduced to less than 0.85% when the displacement exceeded 10 mm. This system provides a
high-performance automation solution for small and medium-sized laboratories.
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RGEE A RIGHEAZ, M LOE RN SIS = SR SR IS T B 75 3R o X PR s 45 1T A M IRAS P13
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HE—E[12]. BULASCEE A 3D FTEPHIAR[13], BL G-code MNHEHINIEF Wit T —FFET G-code (1) filifik
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BERHUIR . £ 5% B R 32 1 B it ks e 3D FTEREAE, M Bk R ke e [l e . L
K 1A RIZ EFR 2, 1%F8 4% 0N G-code. £ il 458 (MKS Monster8 V2, Makerbase), #5idk FEATLOK

(W TMC2209)Z 4 ; AL sk DLy ks FE 2 A AL S PUSEBIN UL #2 o« 20 E AR 42 2B kipl, HSH
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Figure 1. Overall hardware control
B 1. EERREHHTE

2.2. Marlin El-5iBE5%TE

2.2.1. Marlin Bl R38
Z Marlin #& RepRap 7] [ & il Pl [ BUHL(IBFR “3D FTERHL” ) FFHIE R . Marlin 54108 | Sprinter
A grbl, F 2011 4F 8 H 12 HiEidH Github MA B —AMMSLHTFIRTUE . Marlin #R4E GPLV3 3R73F
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HoagE v s H “IEH TAE” B4T EINLERSIRE 7 . VRN H BB RJIE], Marlin #1232 NS U H 3D 4T
ENMLAEA . LulzBot. Prisa Research. Creality3D. BIQU. Geeetech 1 Ultimaker W42t Marlin 25 {4 ()
MHBERIFT . Marlin JEBEHE 2 38 CNC HLEFIEOGHEZIHL -

Marlin A i i —AN e e it Bl Se i 2 Arduino HEZEAAEE R, DR IHE AT DAFE K B B il 2%
FIEAT, W& Atmel AVR 8 £k — B 2| 58T ARM 32 fi OEM F13k H BigTreeTech F1 Makerbase %
ANFEIITHR R . AR IS MKS Monster8 V2, marlin [ {832 5% 4F, I H Sz R o i1 250
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W3 T P 4 NS5 S 50 A R S G-code Ax . _EATHLAE R G-code AMX A5 %4l H b B
Featb e, e nl L B aU o B AR A sh R TR B4 . A: R 48 A ik USB 5 111(115,200 bps) SER ££
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fikar AR A it F b, RV R AR LR 1O M5 5 LSS BRI B I FBE . RS2, EALE X
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[ 75 ZE e T B AR A 10 RIS PR S AT I RS A 1

3. G KuB#=HI Bt
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3.1. G RM@iES
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A RE BRI AN E AL o A8 SEPrRER AR b Il 1 B T b v A0 Dy ik 4 f 5L A ol £ ik o 490 BT S B 22 il
RS, J T kbR 5 WU A% 31 2550 25 A i R4 1) 50305 1) 0 A R AR WL A% 30 S 5555 2
A U e £ R A

DOI: 10.12677/airr.2026.151003 20 PNER ST IR YN


https://doi.org/10.12677/airr.2026.151003

ERM %

o1 B R RD A AL T v KR R UL Zh S e » X TR AT Bh 5 i R 4t
BB AL Zh Z LN L2 KT A8 p (AL mm/rev) 5 RINLIBGE LE g o DR RULEL — FEDGS B2 ELZR 2 F8 , px g o
HUNLEERE BT AG B R K O Sxm , b S OGN L, m NIKEhas 4 70 5. PRI, 24 pLLARK AR
f BT, W RISy

v=fx§;r‘~3] )

ZARIER T G AU S S [ R R Bk i A ELRE RN OC R e BRI LRsg 1 3 Bl T 5 (1 e [
;s LZFT AL p o HHULBIEL g ROPHED HEE(S x m) 3K [ P 3 AL A0 A% i 75 K
AR | A B ARGIRE O Ax (FAAL: mm B°)

AX =vxt 2)
Ax=fx P29 3)
Sxm

AR A T T A SR AE I 8] € A SE R i, U)S L R JBr 3 0 -
fo AXxSxm
B txpxg
P R A BAE T2 BT I8 SR AE (7] — I IR) 57 ¢ A S 1% 1R PO BE B, &% S S  J A2 LA SR R
l_AxixSixmixpjxgj 5)

fi Aijijmjxpixgi

3.3. FFrE/REBNME S EE

Jieke 5t B RD AR RAE T, I8 I B PR 2], SRATTAT LUR O 3 ik £ 4 R I 8] A 56 B4 E IS
3. AL ST R, BATES E A MR AN S Z TR AR MU R R,
1FRNHE B EE . 10 A BRI RS N 0 (R ), Z BNz (B mm). B SURE R
Hik.

(4)

d . .
k =£($m: mm/O ) (6)

Horr, kA E RBAAL: mm/?), FoRBEER: 170 B Z Fhit e BEAR b (mm). T A Bl AR Fi 2 6, Tieks
3 @, 1, Z HAHRLAEL
Az=17,-2,=k(6,-6,) ()

ke 0 e 2 S BT i 5 o B (R A R R0 o AN S0 R I i 6 7 A 0 5 e g RN o v R ) AR
XS o I B A IE Bk, W] LIRS B A B ERE S Z B TR SN A, SN AR AH [E] R I TR
WA SERCS H KIE 3.

Nk, ATH BRI E, TR ) B s s R t AR v, SR E Bk AR . B
TSR o 5, AT LLEE T ARITHE Z SRR E v, =k -0, FFHRHE 40 R S a) v 5 H ik
MR £, o [FIRE, A B AIERE o 226 BBk f, .

LS EI S50 A S LA DS, (stepsirev), B 4H 5 m, , FALFE B — B S Bk # P, =S, - m,
(pulses/rev), FEAFTEIRABELLIC AN G, (outputrev/imotorrev); Z HixINZ¥ NS, m,, P, =S, -m, , Z4F
SN p, (mmirev), fEFILEAG, .

A AR BER N A H (steps/deg):
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PA'GA SA'mA'GA

steps/deg, = = 8
ps/deg, =25 - (8)

Z R KN B 5 H (steps/mm) -

P.-G, S, m, -G
steps/mm, =& 2 -"2 Z “Z 9
PSIMM: =~ 360 D, ®
AHSE 1 ik 2R (pulse/s) A :

f,=w-steps/deg,, f, =v,-steps/mm, =(kw)-steps/mm, . (10)

SIS AR, BATT LALLM A OBKI S, AT A S Z SH7E Marlin [ o 3 208
AP . B3R 5 G O 3R, Marlin [ B8 R0 22 A BiiEES 55 Z TR0 IS . IR,
A 15 Z S 2 5 A E I 6 OB B LRGN . eha(8, 9, 10) TN, 7545
FE T T KI5 1 P -l el 220 2

f, _, 360PG, a1
fA pZ PAGA

WS 15 7 W ORI RO RS 2 Az=KAO , W\ TTEE 8 2 T R 6 0 R o 7 e 73k 51
[ 2 5 4 B R S

4. BRGWIE
41, EEREE

ASZI6 R FHAS 0 PR e bn R R(DL91150, A2 0~150mm, 73r##% 0.01mm, %% <0.03mm), Xt
XYZ $ig ) Rk AT B Aok FE B M. SEaed s [ @ e br = T B SR G 1 XYZ Sl 56
FOLE 2), 46 G ARG KB RAEEN[16], IdFk LRI IS G ARG A AT EE, ITENIREE S
P RS UL R

Figure 2. Vernier caliper fixed to X-axis profile
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FF13 /I FERCR bR R R (DLI1150, %% < 0.03 mm), Xt XYZ #issh RGH4T £ M08 2SR (0.1
mm. 1mm. 10mm. 20mm. 30 mm. 40 mm). &M S EE =R EHIEIME . EXT X it &
AR ZEL R 10%. MR Es B0 E 1.

Table 1. XYZ axis motion accuracy test results
= 1 XYZ SiEshE I R

B3 % RN 4 0.1 1 10 20 30 40
LB 0.097 0.99 9.927 19.83 29.76 39.71
X W (%) 3.00% 1.00% 0.73% 0.85% 0.80% 0.73%
BRI 0.093 0.986 9.947 19.927 29.86 39.785
v W (%) 7.00% 1.40% 0.53% 0.37% 0.47% 0.54%
KPR 0.094 1.003 9.963 19.94 29.907 39.94
2 W (%) 6.00% 0.30% 0.37% 0.30% 0.31% 0.15%
BRI 0.093 0.98 9.926 19.965 30.11 40.151
At W (%) 7.00% 2.00% 0.74% 0.18% 0.36% 0.37%
42 BRER

NBAIE 4 B AN HCT 6 A BORS L, AT FUR A RS L3 R (/N7 BZAE 0.01 mL)XS 0.1 mL
Z 0.5 mL FIVRARPBET R E S5, KR RIS B A Ak . SEIRIERErh, o Jexd B Rk
A S BEROE, B TseiEvE =K LN BR . T & BRI BE B P AR, &
AR E L =B R, AR LR ABUR TR . SEIRG R INE 2 R, BRRZETRED
1.50%~3.00%, KRG LA B A B A& BUF AR E I, (H/MARI(0.1 mL)IRZERIN B . ik4s
RIZE 2.

Table 2. Pipetting weight accuracy test results
*2 BREEBRENAER

FERAE (m) 0.1 0.2 0.3 0.4 0.5
SEFrR1E 0.103 0.203 0.307 0.407 0.513
1R (%) 3.00% 1.50% 2.33% 1.75% 2.60%

4.3. FFERBRMAER

FEAW T, TFR R FIERHEN: R e fi s R B E AL E, HICPIR AT LK B
BRI o T o R 8 W) BE TSk BT B o BN LRI DT SR R 4R A, 37 D MO A B sl K 80%,
HIADE SR B R o SEARAERBA SR T UL R B8 55k, Eilnk 1 B s e i s et B AL BN 7T 5E
AAAE R AT TERED N, REBCRSG RTEEE R Rl FLK BB OR 13t A 28K 22 HORE AR (1 S 1
A KIRATIN s BoeJa s MGETHE RERE M A B, 12 R B2 RN, RVIIRIEEREAL T 342K

sl AR 3. KRG R AL 4.

ASHIRE YNk

mE
>
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Table 3. Lid opening rate test results
= 3. FEFMRAER

AT H et
TF R 50
I APIR/C 46
RIS 80% %L 4
FHALT 80% K%L 0
T 100%

Table 4. Cover rate test results

w4 RERMALER

W5 H UEEE S
R 50
EX:IFSibe 48
KT 80% I L 2
KK T 80% I £k 0
DREIES 100%

5. ¥ig
5.1. BEIEEEES T

ARSI T LUK I, IR ERCNEE, XIYIAIZ BifE 0.1 mm RIASIHR 2N 3%~7%, H 3%
JiR DR Ui b= R3St 1 22 (£0.03 - mm) Xof /)N 57 2 0 2 532 Wi SR A 2 A R ) R B [ 0 i e e T A 3 B/
RIRE AL SRR NI 52X IR RALR RS e, 0% > 10 mm I, XYZA %R % 1)<0.85%, #
W R G K HE s p R m AR e 1, b Z SR IURR (R E <0.37%), 55 T2 FH m R &
22 FFAR B AR E] ZE R

52. BREEWEIHN

FTRUAEAE 0.1 ml AR ZZHOR,  H I 2R AT e 8 i AT /b 70 EAE D 0.01 mil el & /A
BUBARI IR AR, HIR AT S Pr 3R SR E IR ZE & B RS R Z BEAT R IR TR, 22 AT iRt
Al 2 FEURAE BN A AT RE . BRILLAAL, TR ER B RN 2 S BRI .

ST, AMABIRZ(N 0.1 mL 3RZE 3.00%) 521 ZEXI AR s s BE XA R T 5K 50 ma 2255 i
RN 0.4 mL 3R 7 1.75%) K RGEHE ARG SIZ BN B, RS EERILEA .

5.3. FARXERMRGERIH

XFARIR 50 X 5 5 50 KRR 7 S48 RAAT LR G W al Al DU R 8006 75 56 RS R 1T 80% 10 M i T
B, I o5 BAR R Ih 2L F) 1000 (Frh 58 43T 46 ¥, 5 92%; FTITFLMEAE 80%~100% [8] 3 ¥, i
6%), K BIIF TN AR 100% (Fih 5842 K M 48 IR, i 96%; SKHIREEAE 80%~100% 7] 2 ¢, & 4%).
SRR, IR R BRI E T AR Rm I AT R SR e, AR ARE StIUA B R B, KR
AR LR TR D ERTEEITE BN 2 AIAGRZE, ATREIR T I AL 2 . RedF )8k
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AR SRR AL, WL “ R SR AT LR . B AKRE, REVERAEE . RIE,
EAE AR R A B 50 2 A R AT AR R e Bl i 8 ARl i DU AR i e Ff A . T 30 3k 2 ol 2 %
SINSFE AR, SRma Bk Sa@nirt, At — D3RIt KRG RS LS KIe 1T Stk

54. RS EAKRE

AHIE TR ) 2 s s P ) RS R RS LA A E T R s AR PRI T R L%, BTh &,
REEEALSE, R T s %, Hasid K H G-code #ii] . AEHL BT 3D FTEIEIR, A RFE(C
TRGEA . R, RGN BN AR IR ZE, BRI B T RT 0 PR R ML 5) R G
NTRIRRETBR 1o eAk, BURAL SR BEAABEIE N AT 5 2t — itk DLRTH A RIS EEA R SE4E A
FISER 26 PR EVE . AR RAE SN SRR . SIANERER RS G
PR P AR R RS T R GV RE . BLAN, ISR R AR R B SR, AT IZ R SR T 2 SLiG

FHRE N
6. R4

AHFFE RN BEE IS T BT MKS Monster8 V2 3= 4% il #5552 il 4. Marlin [ £ (¥ 4= 0FE A< 5 2
MWL 2 s sl Pl R4t IR 6 A~ 42 Pt bl 5 TMC2209 IXBhas i 1 ks FE (T 2 A 15
5 0.007)KI 2 A FEHRAET 6. RGERM G LSRR, i LA IR &R F i
USB JEf5E T g N AHLIAT, SEBL 1 X 24 FLERAER RS HESRAE O 52 SR 1 BRI IS Bk 2B 20K 80%
(R BT 100%) 5 AT MRS (R Z % <3.00%). SEIERIERY], RGN IZNIIRZERA
HL 7%. ERNFZIZEI RS EAE 10 mm L UL E(RZESR < 0.85%) 5 HAMBIB(IRZESR < 1.75%)F
RIICTE, EAN B BA G 4TS 52 A% Bl 8] B 55 02 T R BR

E&WE

THRA: BRI

TiH%: 2024-MSLH-350,

TH 4R 4R UK A 22 RS 4 8 1Y 5 1K 58 LR B B G 7K B R B 9T
THEA: LTEAE)TH EIH .

TWiHS: JYTMS20231205.

TH SRR N LR RS B B JHR i TR HE O o 4 7 VR I T 9
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