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[Abstract]

This study developed a real-time deformation measurement system using a triangulation-based laser
displacement sensor to evaluate the structural safety of Falling Object Protective Structures (FOPS) on
agricultural tractors. The system was applied during drop impact tests compliant with OECD Code 10,
where a 45 kg steel sphere was dropped from 3.06 m, generating 1365.8 J of impact energy. Two
FOPS configurations were tested: Case 1 with a steel roof and Case 2 with a frame-only structure. The
sensor system successfully captured maximum elastic deflections of 454 mm at 0.06 s (Case 1) and
1323 mm at 0.14 s (Case 2), both within the safety clearance zone. Measurement reliability was
validated using gage blocks, yielding RMSE < 0.53 mm and R?* > 0.99. These results confirm the
system’s capability for accurate, high-speed deformation monitoring under dynamic loading, offering a

robust tool for future FOPS certification and analysis.
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I. Introduction

1.1 Background
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1.2 Limitations of Existing Measurement
Methods and Related Works
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Fig. 1.

FOPS deflection measurement by using a
link device

1.3 Research Objectives and Contributions
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II. Materials and System Configuration

2.1 Theoretical Background
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Fig. 2. Principle of triangular measurement

2.2 Configuration and Validation of the
Deformation Measurement System
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Fig. 3. Laser sensor using this study

ZolA AMol F8 Atef2 Table

Table 1. Specification of laser sensor
Item Specification
Type Triangulation
Measuring ranges 0 ~ 1000 mm
Resolution 0.1 mm
Supply voltage 10 ~ 30v/DC
Output Analogue
Response time 25~ 10 ms
Linearity +0.5 mm
Light source Red laser
Laser class 2(EN 60825-1)
Light spot size 3mmxémm
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Fig. 5. Data Acquisition device
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Fig. 6. Deformation measurement program



Development of a Real-Time Deformation Measurement System for Falling
Object Protective Structures on Agricultural Tractors Using Laser Sensors 17

2.3 Agricultural Tractor and Falling Object
Protective Structure (FOPS)
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Fig. 8. Laser sensor measurement locations
according to OECD Code 10

Table 2. Specifications of the tractor FOPS used in
the study

Model Item Factor Specification (mm)
Rimmed, ISO 630 E275 A,
Steel tube 65%65x%2.3, 50%x40x%2.3,
Frame 40%20%2.3
Rimmed, ISO 630 E275 A,
XR4155 Steel plate 23,32 90
Top layer ABS Sheet, 3.0
Roof |Inner layer ABS Sheet, 3.0
Top ceiling ABS+PP+PVC, 4.5
Rimmed, ISO 630 E275 A,
Steel tube 75%75x%3.2, 50x50%2.3,
Frame 40%20%2.3
Rimmed, ISO 630 E275 A,
XU6168 Steel plate 23 32
Top layer ABS Sheet, 3.0
Roof |Inner layer ABS Sheet, 3.0
Top ceiling ABS+PP+PVC, 4.5

III. Experimental Methods

Y3} 9Ixl Fig. 97} o] A% APde] S} 2Ust
TV ARt B2 HUHE 4R 59 V) Ages

mela w7 A ) Case 2AmAYT 2Y)2 7
2300, 2719 PRB| St K02 Yol AlRL
2esteirt. elolA A A1d F PA2T S o
£ WO TAE S oo xgelon, AY =5 A
ARrO R Holelg 4stel Jt AE ausoR Wy
st ErgwalyE A0 WA 59T 4 des 4
Qi Ust 2RIt ol OECD code 100] Tt Fig,
102} o] RICIUXIS 55} B3 45 kg + 2 ke
AR TIAZ 3.06 m EololA A1y Jetalzion], 54
Uil ofi4A] BEWAIO] wje} 1365.8 Jo] F2o] 71l
A E% At

Impact point

Impact point

Fig. 9. Impact point of agricultural tractor FOPS test
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Fig. 10. FOPS test arrangement of agricultural tractor
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IV. Results and Discussion

4.1 Validation Results of Laser Sensor
Measurement Accuracy
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Table 3. Real-time deformation measurements using
laser sensors

Gage Laser Sensor (mm)
Block 1 2 3 4 5
(mm)
25 249 249 24.2 241 25.2
50 495 51 49.7 49.6 50.3
75 74 75.7 73.7 74.2 75.5
100 99.2 100.2 99.5 99.8 99.8
125 124.5 125.8 123.6 124.7 125.2
150 149.2 151 148.9 149 .6 150.3
175 173.5 175.8 173 175.1 175.5
200 199 199.7 198.2 200.5 200.8
225 223.5 225.2 2235 224 8 226.1
250 248.3 250.4 248.2 2498 250.8
275 273.5 275.6 274 274 4 276
300 298.1 299.5 298.8 299.8 300
325 323.3 325.3 323.9 324.6 324.7
350 348 350.6 348.6 349.4 350.9
375 3735 375.3 374.3 375.2 375.7
400 398.5 399.1 399.1 400 400.4
425 4231 425.3 424 4249 424.8
450 448 449 9 448.9 449 .6 450.2
475 473.5 4747 474.3 4749 475.8
500 498.5 500.2 499.6 500.1 500.8
’ -u- Sensors
600 Sensors Linear regression
"
400 ;"
— e
£ 2
é 200 | /_/-/./
3 e
0 '/r.
0 200 400 600
Gage (mm)

Fig. 11. Correlation curve of the laser sensors
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Table 4. Statistical Analysis of Laser Sensor
Measurements (5 Sensors)
Gage Block Mean” Std Dev p—

(mm) (mm) **(mm) CV (%)
25 24.66 0.483 1.96
50 50.02 0.630 1.26
75 74.62 0.915 1.23
100 99.70 0.374 0.38
125 124.76 0.820 0.66
150 149.80 0.851 0.57
175 174,58 1.252 0.72
200 199.64 1.069 0.54
225 224.62 1.126 0.50
250 24950 1.196 0.48
275 274.70 1.063 0.39
300 299.24 0.783 0.26
325 324.36 0.773 0.24
350 34950 1.249 0.36
375 374.80 0.889 0.24
400 399.42 0.766 0.19
425 424.42 0.876 0.21
450 449.32 0.881 0.20
475 474.64 0.841 0.18
500 49984 0.862 0.17

* Mean: Arithmetic mean of five sensor measurements

=+ Std Dev: Sample standard deviation of five sensor
measurements (n = 5)

xxx CV: Coefficient of Variation; CV(%)(s/x) % 100,
used as an indicator of measurement repeatability

4.2 Experimental Results Using the
Deformation Measurement System

4.2.1 Case 1: FOPS with Steel Roof Plate
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Fig. 12. Time—deflection curve(case 1)

Fig. 13. Test results of agricultural tractor FOPS (Case 1)

4.2.2 Case 2: Frame-only FOPS
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Fig. 15. Test results of agricultural tractorFOPS (Case 2)

4.3 Discussion of Experimental Results
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V. Conclusions
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