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Design and Optimization of a Handheld Surgical Robot
for Laminar Grinding
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(1. School of Mechanical Engineering, Tianjin University, Tianjin 300350, China;
2. International Institute for Innovative Design and Intelligent Manufacturing of Tianjin University-Zhejiang,
Shaoxing 312099, China)

Abstract: Existing grounded surgical robots suffer from extensive space requirements, collision susceptibility,

complex setup, and expensiveness, limiting their widespread adoption for clinical applications. Therefore, a hand-
held laminar grinding surgical robot was proposed herein. The robot compensated for undesired hand movements by
embedding a small parallel mechanism module between the grinding tool and handle, thereby improving surgical
accuracy and the robot’s adaptability to the surgical environment. Initially, a robot kinematic model was designed
based on the parallel mechanism configuration, and its good workspace was analyzed under constrained motion/force
transfer performances. Next, taking the space utilization rate (the ratio of the good workspace volume of the robot to
the occupied space)as an objective, a genetic algorithm was used to optimize the structural parameters of the ro-
bot (dynamic platform radius 7, static platform radius R, and linkage length L) , reducing the space occupation of
the robot by 9.33% and increasing its quality workspace volume 10.49%. Finally, a physical prototype was con-
structed and subjected to workspace, positioning accuracy, and grinding accuracy experiments. Results reveal that
the actual workspace of the robot satisfies the expected goals and achieves an absolute positioning accuracy of
0.516 mm. Notably, it realizes an error of robot-assisted grinding of 0.560 mm, which is lower than the grinding

error of 1.380 mm realized without robot assistance. Overall, this study verifies the feasibility of a handheld robot in
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vertebral plate grinding, offering a theoretical basis and technical support for designing and applying miniaturized,

high-precision robotic systems in vertebral plate grinding surgeries.

Keywords: surgical robot; parallel mechanism; structural design; workspace; parameter optimization
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Fig.2 Handheld laminar grinding surgical robot
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Fig.10 Experimental setup for workspace testing
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Fig.11 Results of workspace testing experiment
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Fig.12 Experimental setup for positioning accuracy testing
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Tab.3 Testing results of absolute positioning accuracy

I A /mm 265 E AR E Ap/mm

P, (-4.494,4.494,178.192) 0.166
P,(4.494,4.494,178.192) 0.321
P;(0,-4.494,173.698) 0.413
P4(0,-4.494,183.186) 0.433
P5(0,7.070,171.122) 0.128
Ps(0,7.070,185.262) 0.105
P;(~7.070,-7.070,178.192) 0.516
P;(7.070,-7.070,178.192) 0.492
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Fig.13 Test experiment for grinding accuracy
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Fig.14 Depth direction trajectories of the tool center
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Fig.15 Horizontal direction trajectories of the tool center

3

\ R
(a) B G

S et B AR e J

HUkI

(b) JoHlds N Bh
Bl 16 BEHIZRXTLE
Fig.16 Comparison of the grinding results
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Fig.17 Comparison of the statistical results of grinding
accuracy under different control strategies

AR ST T e R AR S T AR MLAS A %
FRIRBETR 224 0.560 mm (254 TR 7 [a] MK 7 1]
w2E) AT LA N B 1.380 mm [ R B R
Z. [, A FHRECTF AR AR IR B IR 22 2
1.50mm!"" A2 R, ASBFSE ST ML B B BR R
22N, RZTFRraC LA A TE 4 B s ) 1 L
AAATHE. FAb, bR N BLAT S50 Bk | A5 1) i
AN ARG W UA AR A B e, TR B R 1Y) e
JIE S ) R 07 FNVERAE (A PR A M. S8 v 2 ma AL
i N Al B S RS B 1) R PR RO R T e S SR
KA BRI A, BRI, SRS 3.1 W TR
Tt o) B %o T R A AR s LA A7 4 11
B, S e AL SRR I i B3R | U TR IR A T
FRBEAR IR R 1R 25 T 3 R 0 R N, FE)S
S TAER 5 AR B B R il , 254768 Hi
M LA MR ER R

4 & it

BEXTEUA Bt SOMERR B ) - AR LA AATFAE R 2
] 5 PR TR SRAE A 1 B AR 5 e 25 AL, AR 3C
S IR BT T — M EAE = A bR A TR AR
FARILAEN. ZRGAEREFILA N kG R e
(TR, BT T B A BRI R G 1 5 T AR B B
ENE, ATRERTE T Im ARG R AT AT S k.
ERFELSIR T

(1) 48H T —Fh T I 9 T MERR B
HIFARYLER NG TT 2. FET R BTN, 454
T BRER R GAME T Ria 8, 7R 0T RI I &

PIRTHE T IR HIRG B, HLAS RAF R/ NV BT ).

(2) # THLER NI s BRI LISS & T i28)
P BB 1 2 B I FH 3 Ry 1 BB AE bR X S5 M S AT
et totbJa PLas A B T4 25 18] (R B4R T
10.49% R IRIE, 5 B2 A8 N 9.33% , A R
TizohPERE SHEAERE M, J2s ()52 RAAF T LA
PR RE AL TR T B A,

(3) SR T AEMLAEG] 5 SC B0 0 E. SLHG 25 R R
BIHLAS AR S & DASFE N 0.516 mm; HLAS A BB
HIKEBE Ry 0.560 mm , A5 T JCHL A A5l B i s H kG
JE, B0E T A TR AR S AL A n] 174

L5 LR, ASCRT R I FARM LA AL S BLL5
BRI R BT, DR RS S AR G B
TRE A P ) 2 G0 S B BB 5 I DA Wl 4R A 1. 4k
SERRTFAR Y5 T B AR SEIEE S [ A, AR
ARG R LAY iR E (Vg E , HRAE BT R
PIJRE B L F , S22 S R SR RE ). [
i, 25 A AR S S S, B — ST R S5
TER 2 A TF AR o B PREEE W M5 RE ALK

S 3Bk :

[1] Nagoshi N, Tsuji O, Okada E, et al. Clinical
indicators of surgical outcomes after cervical single open-
door laminoplasty assessed by the Japanese Orthopaedic
Association Cervical Myelopathy Evaluation Question-
naire[J]. Spinal Cord, 2019, 57(8): 644-651.

[2] Agabegi S S, McClung H L. Open lumbar laminec-
tomy: Indications, surgical techniques, and outcomes
[J]. Seminars in Spine Surgery, 2013, 25(4): 246-
250.

[3] LeeYS, ChoD C, Kim K T. Navigation-guided/robot-
assisted spinal surgery: A review article[J]. Neurospine,
2024, 21(1): 8-17.

[4] Joseph J R, Smith B W, Liu X, et al. Current
applications of robotics in spine surgery: A systematic
review of the literature[J]. Neurosurgical Focus ,
2017, 42(5): 1-18.

[5] LiZ, Yu G, Jiang S, et al. Robot-assisted laminec-
tomy in spinal surgery: A systematic review [J]. Annals
of Translational Medicine, 2021, 9(8): 715.

[6] Deng Z, Zhang H, Guo B, et al. Hilbert-Huang
transform based state recognition of bone milling with
force sensing[CJ]/IEEE International Conference on
Information and Automation (ICIA) . Yinchuan, China,
2013: 937-942.

[7] Jin H, Hu Y, Tian W, et al. Kinematics and



+ 250 -

KHAR AR (A AR5 TR

5oL H3W

(8]

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

cooperative control of a robotic spinal surgery system [J].
Robotica, 2016, 34(1): 226-242.

Li S, Du Z, Yu H. A robot-assisted spine surgery
system based on
navigation[J]. IEEE Access, 2020, 8: 51786-51802.
Li Q, Du Z, Liu F, et al. Tactile perception for

intraoperative 2D fluoroscopy

surgical status recognition in robot-assisted laminectomy
[J]. IEEE Transactions on Industrial Electronics ,
2022, 69(11): 11425-11435.

Bhagvath P V, Mercier P, Hall A F. Design and
accuracy assessment of an automated image-guided
robotic osteotomy system[J]. IEEE Transactions on
Medical Robotics and Bionics, 2024, 6(1): 96-109.
Vossel M, Theisgen L, Wickel N, et al. MINARO
DRS: Usability study of a robotic-assisted laminectomy
[J]. Assisted
Radiology and Surgery, 2025, 20(2): 357-367.
BV BT R /N RIS 1 T AR ATt
53 [D]. BRIREE: PR/REE TR, 2017.

Fan Luping. Design and Analysis of a Compact Robotic

International Journal of Computer

Surgical System for Vertebral Lamina Grinding Task
Based on Force FeedbackPlace[D]. Harbin: Harbin
Institute of Technology, 2017 (in Chinese) .

Wu L, Du Z, Yu H, et al. Design and analysis of a
drive and perception integration manipulator for spinal
surgery[C]//7th International Conference on Mechatron-
ics and Robotics Engineering ICMRE). Budapest ,
Hungary, 2021: 131-136.

Payne C J, Yang G-Z. Hand-held medical robots[J].
Annals of Biomedical Engineering, 2014, 42(8) :
1594-1605.

Schwarz M L, Wagner A, El-Shenawy A, et al. A
handheld surgery-ITD[C]//
Proceeding of the 11th International Congress of the
IUPESM/World Congress on Medical Physics and
Biomedical Engineering. Munich, Germany, 2009 :
99-102.

Hung S S, Hsu A S F, Ho T H, et al. A robotized
handheld
International Journal of Medical Robotics and Computer
Assisted Surgery, 2021, 17(5): e2289.

Yen P L, Ho T H. Shared control for a handheld
surgical robot[J]. IEEE Robotics
Automation Letters, 2021, 6(4) : 8394-8400.
Lonner J H, Smith J R, Picard F, et al. High degree of

accuracy of a novel image-free handheld robot for

robot for orthopedic

smart tool for orthopedic surgery[J].

orthopedic and

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

unicondylar knee arthroplasty in a cadaveric study[J].
Clinical Orthopaedics and Related Research, 2015,
473(1) : 206-212

Vossel M, Muller M, Niesche A, et al. MINARO
HD: Control and evaluation of a handheld, highly
dynamic surgical robot[J]. International Journal of
Computer Assisted Radiology and Surgery, 2021,
16(3) : 467-474.

Sun Y, Jiang Z, Qi X, et al. Robot-assisted decom-
pressive laminectomy planning based on 3D medical
image[J]. IEEE Access, 2018, 6: 22557-22569.
EOUH, £ g, skEnil, &% EETIRIME SRG R
FABL &5 AR R AE LU (1], KHR 24
(AP TREARM) , 2022, 55(10) : 1016-
1025.

Xia Guangming , Wang Rui, Zhang Lina, et al
Recognition of remaining thickness of lamina milling via
a surgical robot based on vibration signal fusion[J].
Journal of Tianjin University (Science and Technology) ,
2022, 55(10) : 1016-1025 (in Chinese).

Winter F, Hasslinger S, Frueh A, et al. Incidence,
risk factors, and treatment of incidental durotomy during
decompression in degenerative lumbar spine conditions
[J]. Journal of Neurosurgical Sciences, 2023, 67(4):
507-511.

Liu Y, Zeng C, Fan M,

respiration-induced vertebral motion in prone-positioned

et al. Assessment of
patients during general anaesthesial[J]. International
Journal of Medical Robotics and Computer Assisted
Surgery, 2016, 12(2): 214-218.

Wang J, Wu C, Liu X J. Performance evaluation of
parallel manipulators: Motion/force transmissibility and
its index[J]. Mechanism and Machine Theory, 2010,
45(10) : 1462-1476.

Stock M, Miller K. Optimal kinematic design of spatial
parallel manipulators : Application to linear delta
robot[J]. Journal of Mechanical Design , 2003,
125(2) : 292-301.

Wu J, Wang X, Zhang B, et al. Multi-objective
optimal design of a novel 6-DOF
robot[J]. Robotica, 2021, 39(12): 2268-2282
Becker B C, MacLachlan R A, Lobes L A, et al.

Vision-based control of a handheld surgical microma-

spray-painting

nipulator with virtual fixtures[J]. IEEE Transactions on
Robotics, 2013, 29(3) : 674-683.
(GriEsmit: Eoek)



