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Analysis and modeling of lamina milling temperature based
on full factorial experimental design
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Abstract; This paper aims to establish a milling temperature model of the spinal lamina, which mainly considers the influence of
bone density and milling parameters ( bone cutting depth and milling feed speed) on the milling temperature. Firstly, based on the
analysis of the lamina’s layer-by-layer bone-cutting process, a series of bone-cutting experiments with different parameters are
designed by the full factor experiment method, and the emissivity of the cancellous bone materials is calibrated. Then, the
temperature data needed to establish and validate the model are collected by cutting layers of artificial cancellous bone materials
with different densities at different depths and feed rates using a robot and an orthopedic ball-end milling cutter. A thermal imaging
camera measures two kinds of milling temperatures during the process of the layer-by-layer cutting by the robot, which are the
temperature of the milling cutter and the temperature of the bone surface. Finally, the influence of the bone density and milling
motion parameters on these two types of milling temperatures is analyzed, and a prediction model of lamina’s cancellous bone
milling temperature is established using experimental data and a neural network. Experimental results show that the goodness of fit
between the temperature value estimated by the model and the measured value of the bone cutting experiment is 0. 97. The
proposed model can help surgeons or robots to select appropriate milling motion parameters when milling cancellous bone with
different densities layer by layer to improve the safety of laminectomy.
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Fig. 1 The spine’s layer-by-layer bone milling process
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Fig.2 Dynamic model of the spine’s layer-by-layer bone

milling process
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Fig.3 Schematic diagram of bone cutting experiments
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Table 1 Full factor test matrix of different

milling parameters
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Table 2 Full factor test matrix for different bone densities
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Fig.4 The 4 mm medical ball-end cutter for bone

cutting experiments
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Fig.5 Milling device for bone cutting experiment
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Table 3 Mean and standard deviation of the emissivity

of different artificial bone blocks
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Fig. 6 Emissivity calibration results of 20 PCF bone
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Fig. 13 Influence of milling feed speed on the cutter temperature
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Fig. 16 Mean square error curve during the training process

B 17(a) ((b) \(e) M(d) 20l iR T 2F N5 5
TIE 03 4 P 5 A0 4 A P 2 0 245 AL A [ U1 A, 4
B R 1 RIS LR m . [BIE Ay
SRR FE TR A 5 0 ol a2 - R 7 4 S5 46 )
PRI PR, A0 R B A AEURN T A 45 4 0 i
JEE AT LAGE B ATT B0 J7 3 Al B 22 R S 5 36 o A S A
2 TE A, R ORE A A R L R R B R L (24

20°C ), i ARH B IR 37°C | LAY BEHIEE
ARSI HUK RT3 — 257 B2 A%
AR U §9322 , JF 1545 1) T4 518 ATk 5 55
SRR 22 52 AT T LB ) 2 B0 H K% R
W BERIGIE . 4 M L 5 T SO°C I, Tk
SRIE. e, JERL SO %% L IE, 45 G HE S 7 1
I HH S

jsof O WEHMH jsof O B o
: PN N
e T SRR R @ 0 | ﬁmﬂﬁﬁzﬁhﬁﬁ'o
o o 0
2100 2 100 >
% =
= &
¥ =0.99x+0.43
50 50 .g"...
50 100 150 50 100 150
PR/ C SFREAE/ C

(b) BHIFSE:R=0.904 43
(b) Validationset: R=0.904 43

(a) VIZSE:R=0.997 74
(a) Trainingset: R=0.997 74

150 o WEMH

150, © B
A% : AL
.......... B =Sk it eenenenes UL =52 0L
o o
< 0
o o Fo
% 100 % 100 °
& &
y=0.95x+43
50 50 |8
50 100 150 50 100 150

SBriRfE/C
(c) MRHER=0911 32
(c) Testing set: R=0.911 32

FE17 M2 G5 SR [l I 43 A
Fig. 17 Regression analysis of the ANN model

SLFRIESE/C
(d) &= HHcHER=0.972 49
(d) Alldata: R=0.972 49

BEHI IR A PN T B SR R Y A AL BEAR Y |
A FRTTHRN T 22 P 28 AR A% 20 AR — g v
JERBEHI S B 8] 9 15 MO R | T S50 45 R Ml d /) —
ek SRR TT 1 o R R 1) 48 B2 M BB R —
PR T BB HON WO R 2 B H 7, 2 T B L g 2
SRS BERI B U] ) RBONBLY) ) R B AT E . LR
TR 8 R A B T BEAF 7 — 7 i 22 , DA T I P A 25 3
Yo AT BROTEERMEUEE UL, T 55 S Bl PR 4
28 FEREAY I R i S IS ) BRI 1 HEA o SRR
REFCAAE R R BORE ST o 1 22 W AR T A - Y UL A 4R
PERERY A BE ST, 2 T S5 96 M0 st v A 2 Y 005 5 R 3
T L RET AL C S EOR E AR &
AR AL RIS L) K it 228 ) 28 RS R 5 45 5 B 1) 52
£8P i B2 X A58 ) S B AT AR | A S 6 4 1)
B 2O T KA A VA I B AR B Andrew
SERET IR AR R B B AL 5 Shin S5 R IR
ASCIN g ™ A B T o TR, O A% 50 T AV DR A
HIMME T foe i it BE o BA PR AR 7 A s N0 L 0 R



57

EOEH] A5 BT A R SR R AR AR B I TRLEE 23 AT S A 143

R, DL, AR SO T AR RS A SR B 0 L 2 R T L
Shin 55 (14 S B 45 R B, R 25 O, DI HI TR BB
TE 5 g L EE AR . Sugita 53 0 FIZE (LAY 75 36 £ 57 1 A
bR AT T S 8bnsE . Wiy RAE s & b ik
17 7525, M sh ¥y i i Z 18 1 1~ Pk B AT BOR 22 5%
BT AHEE e B TSR 1 N RE S8 PRI, 58 B JEUA
Abdullah 555 F N T8 A4 L 00 228 00 265 30F 47 552 46 1 2
B (EABAT R AE—F B B A 1. 2 mm B9 E DT BRI T
HEAT TS5, i A R AN B 3 N R R R AR ) A
o ASSTRE P A E SMBEERIE L I, 7536 6 A AfE
e BE TR PAY A AS [ % B2 9 N AR S ) L 3 IR s
TE BB TR L E 20 3 R S J = U0, i P PO AR A R
S S NG AR R BT 6 T R, O EL7E S 8 i X AN [+
WL PR SER RN IR R AT TR E , R AR
TR I b R I, B IR T7 S AU B TR R BE
R R E SR AR AT R N B R, I ORI T
TR R S 22 I 28 MR R AT SEdE 25 b AR SOy
TENSEH et il B R A R MERR 1 N 3 5

B B AT RZEA
6 #& it

280 W B SMRHEE AR RES AR TR H AR XA A
[ e ) BEI S8, A SO ROk A B AR R 22
Had e FEZ R EEROAR BUE AR Bl ILE N AT T
— RIS R U3 S8, AR RAGRAD)
B R R R BE TR R T R S | ok H S o M D)
TRIE 025 3 P88 R4 2 X 5 AR AR B ) L 9 2 ), T
BT S ICE F Z2 28 AR Ny T AR R B 1 B
Tk BE AR, i §82 05125 TR T B A T 00 AL
AR NFHBI B S e, ARG — 2P AT AN 4
TR DX R 285 A 3R T I R AE AR AR e R R 4
A0 B R B R 2 A
523
[ 1] HUANG J, LI Y, HUANG L. Spine surgical robotics:
Review of the current application and disadvantages for
future perspectives [ J]. The International Journal of
Medical Robotics and Computer Assisted Surgery, 2020,
14(1): 11-16.
LEFRANC M, PELTIER J. Evaluation of the ROSA™
spine  tobot for  minimally  invasive  surgical
procedures[ J].
2016, 13(10) : 899-906
PELL D J, SOSHI M. Analysis and optimization of bone

machining for robotic orthopedic surgeries [ J ]. The

Expert Review of Medical Devices,

International Journal of Medical Robotics and Computer

[4]

[5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

Assisted Surgery, 2018,14(4) :e1910.
WANG T M, LUAN SH, HU L, et al.

control of a compact spinal milling robot [ J ]. The

Force-based

International Journal of Medical Robotics and Computer
Assisted Surgery, 2010, 6(2); 178-185.

Wt sk RS, AOHE 2. T RRISNRE T AR BLAR A
ZUAEING IR R T RO IE [ )], IR AR 4
2020,41(1) . 147-153.

YAO B, ZHANG ] X, DAI Y, et al. Research on
decoupling method of multi-dimensional force sensor used
in minimally invasive surgical robot [ J]. Chinese Journal
of Scientific Instrument,2020,41( 1) 147-153.

SUN Y, JIANG Z, QI X,
decompressive laminectomy planning based on 3D

[ J]. IEEE Access, 2018, 6:

et al. Robot-assisted

medical image
22557-22569.
SO, AR, Tk . R TR S T AL
e N E U HI TR B 7k [T]. ML N, 2021
43(1) . 100-111.

XIA G M, DATY, ZHANG J X, et al. A method of bone
cutting depth control for surgical robot based on acoustic
signals [ J]. Robot, 2021; 43(1) . 100-111.

TORUN Y, OZTURK A. A new breakthrough detection
method for bone drilling in robotic orthopedic surgery with
closed-loop control approach [ J]. Annals of Biomedical
Engineering, 2020, 48(4) . 1218-1229.

SIEBOLD M A, DILLON N P, FICHERA L, et al.
Safety margins in robotic bone milling: From registration
uncertainty to statistically safe surgeries [ J ]. The
International Journal of Medical Robotics and Computer
Assisted Surgery, 2017;13(3) :el773.

DENG ZH, JINH Y, HU Y, et al. Fuzzy force control
and state detection in vertebral lamina milling [ J ].
Mechatronics, 2016, 35(1): 1-10.

CHEN Q S, DAI L, LIU Y, et al. A cortical bone
milling force model based on orthogonal cutting
distribution method [ J].
2020, 8(2): 204-215.
JIANG Z, QI X, SUN Y, et al. Cutting depth monitoring

based on milling force for robot-assisted laminectomy| J ].

Advances in Manufacturing,

Automation  Science and
Engineering, 2020, 17(1): 2-14.
ABDULLAH K I, LIM C P, NAJDOVSKI Z, et al. A

model-based bone milling state identification method via

IEEE  Transactions on

force sensing for a robotic surgical system [ J]. The
International Journal of Medical Robotics and Computer
Assisted Surgery, 2019,15(3) :e1989.

ANDREW C P, BRUCE L T, BARRY B, et al. Heat



144

fiC s & =

F42 8k

[17]

[21]

accumulation during sequential cortical bone drilling[ J].
Journal of Orthopaedic Research, 2015, 34 (3).
463-470.

SHIN H C, YOON Y S. Bone temperature estimation
during orthopaedic round bur milling operations [ J .
Journal of Biomechanics, 2006, 39(1) :33-39.

SUGITA N, OSA T, MITSUISHI M. Analysis and
estimation of cutting-temperature distribution during end
milling in relation to orthopedic surgery [ J]. Medical
Engineering & Physics, 2009, 31(1) :101-107.
ABDULLAH K I, ABDI H, LIM C P, et al. Force and
temperature modelling of bone milling using artificial
neural networks[ J]. Measurement, 2018, 116:25-37.
DAI'Y, ZHANG ] X, XUE Y. Use of wavelet energy for
spinal cord vibration analysis during spinal surgery[ J].
The International Journal of Medical Robotics and
Computer Assisted Surgery. 2013; 9. 433-440.

DAI Y, XUE Y, ZHANG J X. Noncontact vibration
measurement based thoracic spine condition monitoring
during pedicle drilling[ J]. TEEE/ASME Transactions on
Mechatronics, 2014, 19(5) :1532-1540.

DALY, XUE Y, ZHANG J X. Milling state identification
based on vibration sense of a robotic surgical system[ ] ].
IEEE Transactions on Industrial Electronics, 2016,
63(10) :6184-6193.

DAI'Y, XUE Y, ZHANG ] X. Bio-inspired integration of
auditory and haptic bone  milling
surgery[ J|. TEEE/ASME Transactions on Mechatronics,
2018.614-623.

DALY, XUE Y, ZHANG ] X. Human-inspired haptic

perception  and

perception  in

robot-assisted  milling
2020,

control  in
surgery [ J]. IEEE Transactions on Haptics,
DOI: 10. 1109/TOH. 2020. 3029043.

EOUHL, AR, sRE. BT AR S A A RLL g8 A
HRBEHITR EE I [T ], (XA A4, 2021, 42(2)
108-118.

XIA G M, DALY, ZHANG J X. Milling depth control of

lamina for orthopedic robot based on acoustic
signals [ J]. Chinese Journal of Scientific Instrument,
2021, 42(2): 108-118.

FIRE, WIbefh, PEidk, 55 2T UIHI Jy 9cms i &
RYSSRIE P TASIE R [ 7], ARG =], 2019,
40(2) : 223-232.

WANG Q X, HU X W, PANG J ZH, et al. Deformation

[24]

control in weak rigidity workpiece milling based on

Chinese Journal of

realtime cutting force measuring [ J].
Scientific Instrument, 2019, 40(2) . 223-232.
EE =T

B, 2019 47 F I /K TR K7 4R
e sa i, BUA B I R e b s A, £
FTFETT 10 A BRI BB M R e
SRR 32 B 1
E-mail; xiaguangming@ mail. nankai. edu. cn
Xia Guangming received his B.Sc. degree from Harbin
Engineering University in 2019. He is currently a Ph.D.
candidate at Nankai University. His main research interests are
Orthopedic robot’s trajectory planning, intelligent perception and
precise motion control.

R GEGFEH) 7117 2002 47,2004
AR 2009 4F TG /R Toll K2 4Rk 12
A A 5 R 2, B A R T R A

o
¥, FZERIGE 7 1) i 1 T AR LA A Be

é. AR,
E-mail ; daiyu@ nankai. edu. cn

Dai Yu ( Corresponding author) received his B. Sc., M. Sc.
and Ph. D. degrees all from Harbin Institute of Technology in
2002, 2004 and 2009, respectively. He is currently a professor
at Nankai University. His main research interest is intellisense

technology for surgical robot.



