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[ Abstract] Objective To develop an artificial intelligence (AI)-guided intravitreal injection robot system to
accurately detect the injection point on the ocular surface and guide the robotic arm to complete the intravitreal
injection positioning task through 3D position calculation. Methods The Dikablis subset of the TEyeD dataset was
used. Training set, testing set, and validation set were constructed by using equal interval sampling strategy. The
system read the ocular surface color RGB image with an RGBD camera, then used a PatchCrop-Transformer-based

injection point detection algorithm to detect and locate key points such as the pupil, iris, and eyelid in the image.
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Next, it extracted the local 3D point cloud data near the injection point based on the depth information obtained by the
camera. Through principal component analysis ( PCA) of the local area point cloud data, the injection point and
injection direction were determined. The key information was then passed to the robotic arm system. The end of the
robotic arm adopted a remote center of motion (RCM) mechanism. After solving the forward and inverse kinematics,
the joint movement path was obtained, and the robotic arm was controlled to move to 2 cm above the injection point.
After confirmation by the doctor, the insertion, injection, and withdrawal operations were completed to ensure the
stability and repeatability of the injection process. The mean square error (MSE) of key points localization and the
success detection rate (SDR) within different pixel error ranges (2,5, and 10 pixels) of the study method were
compared with those of the NFDP ,SLPT,and StarLoss methods, and the effects of random weight enhancement, fixed
weight enhancement, and no enhancement methods on the MSE of key points localization were evaluated. The
repeatability and absolute positioning accuracy of the robotic arm system were also evaluated.  Results After adding
random weight enhancement,the model of this study outperformed the fixed weight enhancement and no enhancement
methods in both MSE and SDR. The MSEs of the model proposed in this study for overall eye, pupil, and iris
localization were 4.25,2.41,and 1. 54, respectively, which were lower than those of the NFDP , StarLoss, and SLPT
methods. Within the error ranges of 5 and 10 pixels,the SDRs of the model proposed in this study were 72. 09% and
92. 68% ,respectively, which were higher than those of the NFDP, StarLoss, and SLPT methods. The single-axis
repeatability errors and absolute positioning errors of the robotic arm were within £5 pm.  Conclusions The Al-
guided intravitreal injection robot system integrates RGBD images to achieve automatic recognition of the ocular
injection point and high-precision motion control through RCM mechanism design and corresponding kinematic
solution methods.

[ Key words] Intravitreal injection; Artificial intelligence; Injection point detection; Ophthalmic surgical
manipulator; Remote center of motion mechanism
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Figure 4 Results of eye key points detection indicators for our model A:Mean and standard
deviation of pupil detection B:Mean and standard deviation of iris detection C;Mean and standard
deviation of eyelid detection D:SDR of pupil detection within different error ranges E:SDR of iris
detection within different error ranges F:SDR of eyelid detection within different error ranges SDR:

success deleclion rate
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Table 1 Comparison of injection point detection accuracy among different methods

MSE (SD) SDR( %)
i Ak fiE £L. W 12453 2HB% S5HBR 10 5%
HRnet' 2 4.95(7.14) 3.98(7.35) 2.13(7.11) 5.89(6.96) 27.82 68.28 92. 10
NFDP[?" 5.25(7.64) 4.91(7.73) 2.29(7.13) 6.02(7.56) 26.20 65.78 91. 11
Starloss'""! 4.85(7.22) 3.82(6.25) 1.95(7.22) 5.77(6.88) 28.35 67.33 92. 15
SLpT!'?! 4.72(7.12) 3.43(6.92) 1.90(8.05) 5.68(6.71) 30. 60 68. 81 92. 40
AT 5 A AL 4.25(6.63) 2.41(5.53) 1.54(5.78) 5.32(6.78) 40. 37 72.09 92. 68

T - MSE - 377 2 2% 5 SD - b tfi: 22 5 SDR - JR 2y Al 3¢

Note ; MSE : mean squared error; SD ;standard deviation ; SDR :success detection rate
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Figure 5 Comparison of data enhancement effects
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Table 2 the ablation research results of data augmentation
replacement weights

MSE(SD)
ik
Bk JiEE £L. T i HIR
I b 4.86(7.73) 3.77(8.51) 1.94(8.74) 5.81(7.05)
e R 4.61(7.02) 3.12(6.29) 1.78(7.24) 5.56(6.92)
BEHLECTE 3R 4.25(6.63) 2.41(5.53) 1.54(5.78) 5.32(6.78)

1 MSE : 34 75 12 2% ; SD : bR #fiE 22

Note ;: MSE ; mean squared error; SD ;standard deviation
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Figure 6 Recognition of injection points in simulated humans The
red box indicated the preliminarily determined position of the eyes, the red
dots indicated the key points of the eyelids, the blue circle indicated the
key points of the iris, the white dots indicated the key points of the
pupils, the white lines indicated the connecting lines between the eyelid
corner points and the fitted pupil center points, and the green dots

indicated the injection points

2.3 WU R i E AL BE VA
FEMUBRE A vt 1) B A 7 1% 22 U 28 A 5 i 92 o
FE£5 pm Z N R IIHUAE K 2L 7R ry A2
SENIRTEE (B 7.8) o 20 5E 7 1R 22 5 il 7E+5 pm Z
W, R BIHUAE HL A5 A2 E 1 46 %0 E L RE ) (1] 9.,10) .
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Table 3 Comparison of injection point detection accuracy
of different methods within different error ranges
on the simulated human eye

SDR(%)
WiRZS
RIES S 5B &Rz 10 R & %2

HRnet' 2! 22.67 66. 10 89. 33
NFDP'?" 23.50 60. 52 88.25
Starloss' 7 26. 82 63.47 89. 56
SLPT! ™! 28.70 66. 21 90.32
BT 39. 89 70. 89 91.74

{E : SDR . J Zy Az ] <

Note: SDR : success detection rate

BT

P
.

'\;.-"; II"-,;."II

L Bl
B7 EEEMMKER  WEKEOYTER — HAROLE T 24705
Figure 7 Repeated positioning test results The measurements were

measured at the same target position
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Figure 8  Repeated positioning error  The measurements were

measured at the same target position
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Figure 9 Absolute positioning test results The measurements were

nERE

measured at different target positions
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Figure 10  Absolute positioning error  The measurements were
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