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Fig. 2 Rehabilitation device. (a) Legend; (b) Design process and functional analysis; (c¢) Rehabilitation device driving

principle; (d) Workflow; (e) Overall assembly diagram; (f) Elevation view; (g) Schematic diagram of the layout of the
monitoring sensor unit; (h) The size of the fingerstalls that installs the IMU sensor and encapsulates the FBG sensor;
(i) Dimensions of ordinary fingerstalls; (j) Finger rehabilitation device
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Table 1 Fitting data of connection performance

Fig. 7 Connection performance experiment. (a) Experimental data; (b) Experimental facility

Upload Unload

Fit line R’ Fit line R’
The first time A=0.918 4F+1 549.599 4 0.996 6 A=0.926 9F+1 549.588 8 0.996 8
Thumb The second time A=0.904 7F+1549.614 1 0.996 4 A=0.901 5F+1549.619 5 0.993 8
The third time A=0.913 5F+1 549.609 0 0.996 1 A=0.906 9F+1 549.616 9 0.993 5
The first time A=0.969 4F+1 549.558 5 0.997 5 A=0.977 3F+1549.551 7 0.997 5
Ring finger The second time A=0.969 8F+1 549.562 3 0.998 8 A=0.975 9F+1 549.554 2 0.998 7
The third time A=0.975 2F+1 549.561 8 0.998 7 A=0.985 9F+1 549.552 4 0.998 6
The first time A=0.947 3F+1 549.290 4 0.998 7 A=0.949 6F+1 549.2857 0.998 8
Index finger The second time A=0.942 2F+1 549.294 7 0.999 5 A=0.947 8F+1 549.285 8 0.999 6
The third time A=0.937 3F+1 549.294 0 0.999 7 A=0.943 9F+1 549.287 5 0.998 3
The first time A=0.939 9F+1 549.612 8 0.999 0 A=0.945 6F+1 549.608 2 0.998 8
Little finger The second time A=0.926 9F+1 549.622 1 0.997 9 2=0.937 7F+1549.610 7 0.998 3
The third time A=0.9254F+1 549.624 0 0.997 3 A=0.933 3F+1549.612 3 0.997 8
The first time A=0.939 6F+1 548.601 9 0.998 3 A=0.936 1F+1 548.609 6 0.996 6
Middle finger The second time A=0.933 7F+1 548.608 5 0.999 7 2=0.939 8F+1 548.597 1 0.998 8
The third time A=0.942 5F+1 548.608 1 0.998 3 A=0.935 2F+1548.617 6 0.998 2
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Table 2 Connection performance data

Thumb Index finger Middle finger Ring finger Little finger
Average sensitivity nm/N 0.911 98 0.944 68 0.936 15 0.97558 0.934 8
Average goodness of fit 0.995 5 0.999 1 0.998 3 0.998 3 0.998 2
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Fig. 8 Creep experiments. (a) Data; (b) Experimental facility
R3 BTHIE
Table 3 Creep data
Thumb Index finger Middle finger Ring finger Little finger
40 mm(pm) 0.9 0.8 0.8 0.6 0.9
50 mm(pm) 0.5 0.6 0.5 0.6 0.6
60 mm(pm) 0.4 0.3 0.3 0.2 0.3
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Fig. 9 Angle calibration. (a) Volunteer | ; (b) Volunteer II
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Table 4 The finger sensitivity of Volunteer I and Volunteer Il

Thumb pm/(°)  Index finger pm/(°) Middle finger pm/(°) Ring finger pm/(°)  Little finger pm/(°)

Volunteer I 9.75 10.15 10.35 9.7 10.75
Volunteer I1 10.15 9.45 10.00 10.10 9.45

P BRE LB R R T AR F AL BT i P R % R T 9.7 pm/ () GBI 1T TR T4 15 1%
BIC R RAE R T 9.5 pm/ (7)o X UE B W A5 J AL OT EL A A A W T T R
2.2.2 HIE

A H R A AL ik 5 A% % B TT 9 7S A B ) R AT TR AT AR R AT R bR E L b e R R [0
5NJ, 4 0.5 Nid g — WK, & 10 K 5w .
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Fig. 10 Force calibration. (a) Data; (b) Calibration points; (c¢) Experiments
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Table 5 Fitting data of tactile sensing units

Upload Unload

Fit line R’ Fit line R’
Thumb A=—0.019 7F+1 547.803 0 0.992 8 A=—0.019 9F+1 547.804 0 0.993 2
Middle finger A=—0.019 4F+1547.732 7 0.990 8 A=—0.020 0OF+1 547.733 5 0.994 9
Point 1 Index finger A=—0.020 5F+1547.695 3 0.996 4 A=—0.020 2F+1 547.695 2 0.994 8
Ring finger A=—0.019 7TF+1547.902 9 0.996 2 A=—0.020 5F+1 547.903 4 0.999 2
Little finger A=—0.019 7F+1547.673 9 0.990 9 A=—0.019 9F+1547.674 1 0.990 2
Thumb A=—0.019 3F+1547.802 8 0.9955 A=—0.019 7F+1547.804 0 0.997 1
Middle finger A=—0.020 1F+1547.735 6 0.999 1 A=—0.019 3F+1547.732 9 0.999 3
Point 2 Index finger A=—0.019 3F+1547.691 3 0.996 6 A=—0.020 2F+1 547.6957 0.999 3
Ring finger A=—0.019 8F+1 547.902 0 0.996 5 A=—0.019 9F+1 547.904 7 0.999 3
Little finger A=—0.020 1F+1547.674 7 0.996 4 A=—0.019 6F+1 547.673 6 0.996 6
Thumb A=—0.014 OF+1 547.803 0 0.996 9 A=—0.014 2F+1547.803 5 0.996 7
Middle finger A=—0.014 8F+1547.734 4 0.997 0 A=—0.0150F+1547.734 9 0.996 8
Point 3 Index finger A=—0.013 6F+1 547.694 6 0.999 6 A=—0.013 5F+1 547.694 5 0.999 3
Ring finger A=—0.014 4F+1547.904 3 0.999 5 A=—0.014 5F+1547.904 7 0.998 5
Little finger A=—0.013 8F+1 547.679 6 0.999 7 A=—0.013 9F+1 547.679 8 0.999 3
Thumb A=—0.014 1F+1547.803 4 0.997 7 A=—0.014 1F+1547.803 2 0.997 0
Point 4 Middle finger A=—0.014 9F+1 547.734 6 0.996 4 A=—0.014 8F+1547.734 4 0.995 4
Index finger A=—0.013 5F+1 547.694 6 0.999 4 A=—0.013 4F+1 547.694 6 0.999 5
Ring finger A=—0.014 5F+1 547.904 8 0.999 5 A=—0.014 5F+1 547.904 6 0.998 7
Little finger A=—0.013 9F+1 547.679 9 0.999 5 A=—0.013 9F+1 547.680 1 0.999 4
Thumb A=—0.009 2F+1 547.804 1 0.998 2 A=—0.009 OF+1 547.803 7 0.996 9
Point 5 Middle finger A=—0.009 1F+1547.734 4 0.999 5 A=—0.009 2F+1547.734 8 0.998 9
Index finger A=—0.009 4F+1 547.694 4 0.997 2 A=—0.009 5F+1 547.694 6 0.997 6
Ring finger A=—0.009 3F+1547.904 1 0.999 3 A=—0.009 2F+1 547.903 9 0.998 2
Little finger A=—0.009 4F+1 547.679 4 0.999 3 A=—0.009 3F+1 547.679 2 0.999 2
Thumb A=—0.009 2F+1 547.804 0 0.998 3 A=—0.009 1F+1547.804 2 0.998 0
Point 6 Middle finger A=—0.009 1F+1547.734 9 0.999 6 A=—0.009 2F+1547.734 6 0.998 2
Index finger A=—0.009 4F+1 547.694 6 0.995 6 A=—0.009 3F+1547.694 3 0.997 7
Ring finger A=—0.009 2F+1 547.904 1 0.997 6 A=—0.009 1F+1547.903 1 0.998 2
Little finger A=—0.009 5F+1547.679 5 0.997 4 A=—0.009 1F+1547.678 6 0.997 9

2.3 XFLESrAT
A AR RS i BHe o0 B, 3 AR B E LA A 48 (R A8 VB RS R4 O = AN ik i, R A8 RN RS S P
AN fioh 2T HEAT 20 AT, O X L SC R AR B I TR TR TR A RO BRI 6 R .

F6 MK-BEE-IRRBERENN
Table 6 Arc length—straight line—actual sensitivity error analysis
Arc length sensitivity Linear sensitivity Actual sensitivity Arc length Linear
pm/ (%) pm/ (%) pm/(°) error /% error /%
Ring finger 10.3 9.1 9.70 5.83 6.19
Index finger 10.68 9.46 10.15 4.96 6.80
Middle finger 10.91 9.55 10.35 5.13 8.38
Thumb 10.32 9.01 9.75 5.52 7.10
Little finger 11.65 10.03 10.75 8.45 7.18

A I 23 A7 07 ¥ B4R o B 7 TR R AT LA, A RS R T T 48 19 SE b RAEUE 5 K 2 O ik 3 21 1Y
REUERZE/NT 8.45% , 5 HA N Ir kA5 A REUE DR 22/ T 8.38 %0, B7E & BEYE FIIA o 33X 3IE W] B8 23 #r
JE I
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Fig. 11  Gesture monitoring. (a) Volunteer I ; (b) Volunteer II
RT FEMFHREBIES T
Table 7 Random forest data analysis
MAE MBE RMSE
Training set 0.063 381 —0.005117 4 0.091 4
Volunteer 1
Test set 0.059 734 0.005 136 5 0.088 8
Training set 0.071 688 0.003 296 6 0.100 4
Volunteer 2
Test set 0.058 442 —0.005 696 9 0.091 6
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Fig. 12 Random forest analysis. (a) Volunteer I ; (b) Volunteer II
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Fig. 13 BP neural network predictive analysis
33 fhSEEAMERELI
o B AIE fh v 8 B AR T8 B A IR 2 e A v ity S P R R 1T, B0 T P RN SR B S 2 S R [ 4K
B1—60 mm .70 mm .80 mm; A [l Fi 5t — 20 .50 g.100 g, /&l 14 F15 8 Fi i o 4% s 22 28 38 1 2t (35) A1
K (36)Fr7m o

(a) 1548.00 F 1548.00 F I —
: —— Thumb : N
1547.00 - Thumb 1547901 (C ) —Ringfinger | 1547.90 AR
£ 1547.85+ ——Ring finger 1547.85+ —— Index finger |

£ 1547.85

<1547.80 - —Index finger | £ m — Little finger | £
= o | m ——Little finger | =1547.80 :E@E £1547.80

= Index finger
~ Little finger
- ~ Middle finger

1547.75

——Middle finger, 1547.75 1547.75 -
1547.70 1547.70 154770 |
1547.650 """ 154765 — | 154765p — —————————
1547.60 == i i ! 1547.60 i 1547.60 b . .
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Times/s Times/s Times/s
1548.00 F 1548.00 £ 1548.00
1547.95 1547.95 = 1547.95 —Thumb
——Thumb aum
147908 L =Ri§g finger 1547.90 — Thumb i A — Ring finger
i —— Index finger ~— Ring Tiger L 100 -
o 154785 m 5 154785 — Index finger | g 1547:85 & | — Little finger
E£154780 ——Middle finger| E1547.80 Eisargol ) — Middle finger
~ 1547.75 = 154775 F S 1547.75F
: : — Lile finger :
1547.70 + 1547.70 - — Middle finger 1547.70 -
1547.65 [ 1547.65 b— 1547.65
1547.60 e ' . 1547.00 = : ; . 1547.60 E—
2 4 6.8 10 2 4 6 8 10

Times/s Times/s

(b)

B4 NAIMHE LT, (a) 45 (b) LI
Fig. 14 Six sets of grasping experiments. (a) Data; (b) Experiments
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Table 8 Standard deviation analysis

Thumb Ring finger Index finger Little finger Middle finger
60 0.010 5 0.010 5 0.006 5 0.008 5 0.017 3
Different volume 70 0.044 0 0.008 3 0.003 6 0.006 8 0.006 6
80 0.004 0 0.008 3 0.007 1 0.009 2 0.005 6
20 0.006 7 0.004 9 0.003 4 0.017 4 0.004 3
Different quality 50 0.001 3 0.002 2 0.006 1 0.001 0 0.008 8
100 0.0100 0.000 9 0.007 4 0.000 9 0.001 3
1 N
DI (35)
I o 2
6:\/]\[2{1(1"_#) (36)

P, o BRBRE 25, N SR B S B, o S5 A B
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Fig. 15 Comparative experiment. (a) Comparison model; (b) Device; (¢) Oblique view
&9 Bland-Altman 53 #7 i B UK 204
Table 9 Test data for the Bland—-Altman analysis method
Angular velocity rad/s Thumb Ring finger Index finger  Little finger ~ Middle finger
0.05 Mean difference 0.000 058 365 0.000 039 871  0.000 104 49  0.000 104 49 0.000 007 431 9
’ Standard deviation ~ 0.000 379 76  0.000 274 68  0.000 453 71  0.000 453 71  0.000 258 63
0.03 Mean difference 0.000 039 397 0.000 023 096  0.000 269 34  0.000 22586  0.000 198 55
‘ Standard deviation ~ 0.000 333 53 0.000 344 17 0.000 367 83  0.000 438 45  0.000 354 17
0.015 Mean difference 0.000 049 703 0.000 026 263 0.000 040 409 0.000 378 56 0.000 008 869 2

Standard deviation  0.000 630 26 0.000 373 7 0.000 390 04  0.000 38109  0.000 388 64
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Fiber Bragg Grating Based Finger Exoskeleton Rehabilitation Device
and Sensing Performance

YAN Xiyan'?, FENG Yan'?, AN Zelong"*, ZHANG Hua"?
(1 Robotics Institute, School of Mechanical and Automotive Engineering, Shanghai University of Engineering
Science, Shanghai 201620, China)
(2 Shanghai Large-scale Component Intelligent Manufacturing Robot Technology Collaborative Innovation Center,
Shanghai 201620, China)

Abstract: Monitoring the finger rehabilitation process is critical for preventing accidental injuries and
achieving superior personalized therapeutic outcomes. However, current research focusing specifically on
monitoring this process remains limited. To address this gap, this study aims to accurately detect finger
joint movement angles and assess contact forces during rehabilitation training. The primary objective is to
develop a solution that enables comprehensive monitoring of both non—grip and grip rehabilitation exercises.

This work proposes a novel optical Fiber Bragg Grating (FBG) finger exoskeleton rehabilitation
device. The core of the device consists of two specialized FBG fingerstalls: a monitoring fingerstall for
tracking movement and a tactile fingerstall for measuring force, both integrated with advanced FBG sensor
units. To validate the design, a mathematical model of the rehabilitation device was established, and its
rationality was rigorously analyzed. The experimental methodology included extensive calibration and
testing: the FBG sensor units underwent sensitivity, connectivity, fit, and creep resistance tests; the
monitoring fingerstall was calibrated for motion angle and its angular velocity sensing performance was
compared against an IMU sensor using Bland—Altman analysis on two volunteers; and the tactile fingerstall
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was calibrated for force, with its sensory capabilities further analyzed using arc-length, linear, and BP
neural network methods. Finally, volunteers conducted grip rehabilitation training experiments to assess
contact force by measuring six different objects.

The experimental results comprehensively demonstrated the high performance of the proposed system.
The FBG sensor units exhibited excellent connectivity, with an average sensitivity exceeding 0.911 98 nm/N,
an average fit greater than 0.995 5, and outstanding creep resistance (maximum wavelength shift of 0.9 pm).
The monitoring fingerstall achieved an average angular sensitivity greater than 9.5 pm/(°). Critically, its
performance in sensing finger angular velocity was nearly identical to that of a commercial IMU sensor, and
it successfully recognized six different hand gestures. For the tactile fingerstall, sensitivity measurements at
symmetric points were nearly identical, with average sensitivity at points 1/2, 3/4, and 5/6 being higher
than 19.5 pm/N, 13.45 pm/N, and 9.1 pm/N, respectively. The arc-length and linear analysis methods
yielded low errors (8.45% and 8.38% ), confirming model reliability, while BP neural network analysis
resulted in an extremely low mean squared error of 0.000 003 309 6. The grip experiments revealed that
object volume had a more significant impact on the tactile fingerstall’s readings than object mass.

This study successfully developed and validated a sophisticated FBG-based finger exoskeleton
rehabilitation device. The system demonstrated high accuracy, reliability, and multi-functionality in
monitoring finger joint angles, assessing contact forces, and recognizing complex hand gestures. The
findings confirm that the proposed device and its underlying mathematical model are effective for
comprehensive finger rehabilitation monitoring. Consequently, this work provides substantial theoretical
and technical support for the practical implementation of FBG intelligent sensing technology in clinical
finger rehabilitation applications, paving the way for more data—driven and personalized therapeutic
interventions.

Key words: Fiber Bragg grating; Rehabilitation device; Monitoring sensing fingerstall; Tactile sensing
fingerstall; Gesture monitoring
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