
SUPPLEMENTARY MATERIALS 

Detailed Methodology for: 
Experimental Stress Analysis of Mast-Counterweight Connection in a Modified Bucket-
Wheel Excavator ERc 1400-30/7 Using Strain-Gauge Measurements 

S1. Instrumentation Specifications 
S1.1 Strain Gauge Detailed Specifications 
Table S1.1: Complete strain gauge specifications from the measurement campaign: 

Parameter Specification 
Gauge Type  Electrical resistance foil strain gauge 
Gauge Factor (k) 2.08 ± 1% at 24°C 
Resistance (R) 350 Ω ± 0.3% 
Gauge Length 6 mm 
Temperature Compensation Self-compensated for structural steel 
Operating Temperature Range -75°C to +175°C 
Maximum Strain ±3% (30,000 μɛ) 
Fatigue Life >10⁷ cycles at ±1,500 μɛ 
Grid Material Constantan foil 
Backing Material Polyimide 

S1.2 Data Acquisition System Components 
Table S1.2: Complete system component list and specifications: 

Component Specification 
Number of Channels 10 simultaneous analog inputs 
Sampling Rate 1,000 Hz per channel 
ADC Resolution 16-bit (65,536 levels) 
Input Range ±10 V full scale 
Voltage Resolution 0.305 mV per bit (20V / 65,536) 
Instrumentation Amplifier AD620 or equivalent, programmable gain 100-10,000 
Common-Mode Rejection >100 dB at 50/60 Hz 
Anti-Aliasing Filter 8th-order Butterworth, 450 Hz cutoff 
Filter Attenuation >80 dB above 500 Hz 
Bridge Excitation 10.0 ± 0.01 V DC, regulated 
Excitation Stability ±0.1% over measurement duration 
Lead Wire 3-conductor shielded, 28 AWG 
Maximum Lead Length 15 m 



Data Acquisition Software LabVIEW 2019 
Computer Ruggedized industrial computer 

S1.3 ADC Resolution and Strain Resolution Calculation 
Voltage Resolution: 

Voltage resolution = Full scale range / 2ⁿ = 20 V / 2¹⁶ = 20 V / 65,536 = 0.305 mV 
per bit 
Strain Resolution: 

For a half-bridge configuration with bridge excitation V_ex = 10.0 V and gauge 
factor k = 2.08: 

Bridge output voltage: V_out = (V_ex × k × ε) / 4 
Strain resolution: ε = (4 × V_res) / (V_ex × k) = (4 × 0.305 mV) / (10.0 V × 2.08) 

ε = 1.22 mV / 20.8 V = 0.059 μɛ per bit 

This theoretical strain resolution of ~0.06 μɛ is significantly better than the 
measurement uncertainty (±3%) and electronic noise contributions, confirming that ADC 
quantization is negligible in the overall uncertainty budget. 

S2. Uncertainty Analysis 
S2.1 Complete Uncertainty Budget 

The measurement uncertainty was evaluated by identifying and quantifying all 
significant uncertainty sources following the Guide to the Expression of Uncertainty in 
Measurement (GUM) methodology. Each source contributes to the combined standard 
uncertainty through root-sum-square (RSS) propagation. 
Table S2.1: Complete uncertainty budget with all contributing sources 

Uncertainty Source Type Value Distribution Standard Uncertainty uᵢ 
(%) 

Gauge factor tolerance B ±1% Rectangular 0.58 
Gauge misalignment B ±1° Rectangular 0.58 
Temperature effects B ±2°C 

variation Rectangular 0.40 
Lead wire resistance B 2-4 Ω, ±0.1 Ω Rectangular 0.10 
Bridge nonlinearity B <0.05% FS Rectangular 0.10 
Electronic noise A Measured 

RMS Normal 0.40 
ADC quantization B 0.059 μɛ/bit Rectangular <0.01 



Transverse sensitivity B <2% Rectangular 0.20 
Combined Standard Uncertainty (RSS)    1.53 
Expanded Uncertainty (k=2, 95% 
confidence)    ±3.0 

S2.2 Uncertainty Propagation Equations 
Root-Sum-Square (RSS) Combination: 

u_c = √(u₁² + u₂² + u₃² + ... + uₙ²) 
where uᵢ are the individual standard uncertainties. 
Numerical calculation: 
u_c = √(0.58² + 0.58² + 0.40² + 0.10² + 0.10² + 0.40² + 0.01² + 0.20²) 
u_c = √(0.3364 + 0.3364 + 0.16 + 0.01 + 0.01 + 0.16 + 0.0001 + 0.04) 
u_c = √2.3429 = 1.53% 
Expanded Uncertainty (95% confidence level): 
U = k × u_c = 2 × 1.53% = ±3.0% 

For the maximum measured stress of 210 MPa, the expanded uncertainty 
corresponds to ±6.3 MPa, which is well below the difference between measured stresses 
and critical limits (yield strength 355 MPa, design allowable 177.5 MPa). 

S3 Detailed Instrumentation, Signal Conditioning, Operating Conditions, and 
Calibration. Stress Measurements on Cable Anchoring Lugs and Diagonal 
Members of a Bucket-Wheel Excavator E-1400 

 

S3.1. Surface Preparation and Installation Procedure 
Proper surface preparation and adhesive bonding are critical for reliable strain 

transfer from the structural steel to the gauge sensing element. The installation procedure 
followed established practices for industrial structural monitoring applications. At each 
measurement location, the steel surface was first cleaned of paint, rust, and surface oxides 
through mechanical grinding with 120-grit silicon carbide abrasive, removing 
approximately 0.2–0.3 mm of material to expose fresh steel. Fine grinding with 320-grit 
abrasive then created a smooth mounting surface with roughness less than 1.6 μm Ra, 
suitable for thin adhesive films. The prepared surfaces were cleaned with acetone-soaked 



gauze to remove grinding residues and oils, followed by a final cleaning with 99% 
isopropyl alcohol immediately before gauge bonding. This two-stage solvent cleaning 
ensured contamination-free bonding interfaces essential for long-term adhesion 
reliability. 

Strain gauges were bonded using methyl-2-cyanoacrylate adhesive with viscosity 
of 5–10 cP, selected for rapid room-temperature cure (24 hours to full strength) and 
excellent strain transfer characteristics. Thin uniform adhesive films (0.05–0.08 mm 
thickness) were achieved through controlled application pressure during the 60-second 
curing initiation period. After full cure, environmental protection consisted of 
polyurethane coating applied over the gauge and lead wire connections, followed by 
aluminum foil tape to provide mechanical protection and moisture barrier. This protection 
system was designed to withstand the coal dust, moisture (45–65% relative humidity), and 
mechanical vibration environment present in the lignite mining operation over the 
measurement duration. 

S3.2. Lead Wire Management and Post-Installation Verification 
Lead wires from each strain gauge to the data acquisition system were routed to 

minimize electromagnetic interference and mechanical damage. Three-conductor 
shielded cables (28 AWG conductors) were secured to structural members using cable ties 
at 0.5–1.0 m intervals, following natural structural lines and avoiding sharp bends. 
Shielded construction with grounded shields provided rejection of 50 Hz power frequency 
interference from the excavator’s electrical systems. Lead wire resistance was measured 
and recorded for each channel (typical values 2–4 Ω per conductor), with corrections 
applied during voltage-to-strain conversion. 

After installation and protection coating, all strain gauge channels were verified for 
proper operation through resistance measurement (confirming nominal 350 Ω bridge 
arms), insulation resistance testing (>100 MΩ to structure, confirming no moisture 
ingress), and zero-load strain reading verification (confirming <50 με offset from nominal 
zero under static conditions). 

S3.3. Signal Conditioning and Data Acquisition Hardware Details 
Signal conditioning for the strain gauge bridge outputs was provided by precision 

instrumentation amplifiers with programmable gain ranging from 100 to 10,000, set 
individually for each channel to optimize signal amplitude within the ADC input range 
(±10 V full scale). Low-pass anti-aliasing filters with 450 Hz cutoff frequency (8th-order 
Butterworth response) were implemented in hardware prior to analog-to-digital 



conversion, ensuring that frequency components above the Nyquist limit were attenuated 
by >80 dB to prevent aliasing artefacts. Bridge excitation for all channels was derived from 
a regulated DC power supply maintaining 10.0 ± 0.01 V under varying load conditions. 
Complete data acquisition system specifications are provided in Supplementary Material 
S1. 

Data acquisition was controlled through LabVIEW 2019 software running on a 
ruggedised industrial computer, providing real-time display of all channels during 
measurement for verification of signal quality. Data were stored in binary format during 
acquisition, then converted to CSV format for post-processing and archival. 

S3.4. Material and Environmental Conditions 
Measurements were performed during normal production excavation of lignite 

coal with unconfined compressive strength of 5–8 MPa, moisture content of 35–45%, and 
density of 1,200—1,400 kg/m³, typical of geological layers VI and VII at 240–260 m 
elevation in the Jilţ Nord mining basin. Cutting resistance of 20–35 kN/m² for this material 
produced moderate excavation loads representative of routine operating conditions. The 
bucket wheel operated at standard speed (90 rpm or 1.5 Hz rotation frequency) with 
excavation rate of 3,500–4,000 m³/h, consistent with the excavator’s modified 20-bucket 
configuration. Ambient environmental conditions during measurements included 
temperature of 18–22°C and relative humidity of 45–65%, within the normal operating 
range for which the strain gauge temperature compensation was designed. 

S3.5. Calibration Procedure and Individual Uncertainty Sources 
The complete data acquisition system was calibrated prior to field deployment 

through precision voltage input tests spanning the expected measurement range (0–100 
mV bridge output). Six calibration points were applied using a programmable voltage 
source with accuracy of ±0.2%, and the measured ADC values were compared to the 
applied voltages to verify linearity and gain accuracy. The maximum nonlinearity across 
the 0–100 mV range was <0.05% of full scale, confirming the validity of the linear voltage-
to-strain conversion relationship. Additionally, shunt calibration using precision 100 kΩ 
resistors across individual gauge elements verified that the complete signal chain (gauge 
→ bridge → amplifier → ADC) functioned correctly and produced strain readings 
consistent with calculated values. 

The individual uncertainty contributions identified and quantified during the 
measurement campaign are listed below: strain gauge factor tolerance (±1%), gauge 
misalignment (±1%), thermal effects (±0.4%), lead wire resistance (±0.1%), bridge 



nonlinearity (±0.1%), electronic noise (±0.4%), and ADC quantisation (negligible at 16-bit 
resolution). These component uncertainties were propagated using standard root-sum-
square combination to yield a combined standard uncertainty of ±1.53%, corresponding 
to an expanded uncertainty of ±3.0% at 95% confidence level (coverage factor k = 2). 
Complete uncertainty budget calculations with detailed propagation equations are 
provided in Supplementary Material S2. 

S4. Additional Measurement Data 
S4.1 Measurement Campaign Summary 

Complete voltage time histories and frequency spectra are available for all 10 
measurement channels under both rotation directions: 

• Measurement duration: 200 seconds per test 
• Sampling rate: 1,000 Hz per channel 
• Data points per channel: 200,000 samples 
• Complete bucket wheel rotations captured: ~180 revolutions 
• Individual bucket passages recorded: ~3,600 events 

S4.2 Frequency Analysis Results 
Fast Fourier Transform (FFT) analysis identified the following dominant frequency 
components in the strain measurements: 

• 1.5 Hz: Bucket wheel rotation frequency (90 rpm) 
• 30 Hz: Bucket passage frequency (20 buckets × 1.5 Hz) 
• 60 Hz: Second harmonic of bucket passage 
• 90-150 Hz: Structural vibrations from impact loading 

The 450 Hz anti-aliasing filter cutoff was confirmed to be adequate, with negligible 
signal content above 200 Hz. The 1,000 Hz sampling rate provides a Nyquist frequency of 
500 Hz, well above all significant mechanical frequencies. 

S4.3 Statistical Analysis 
Statistical distributions of measured stresses show: 
• Mean stresses are representative of steady-state excavation loads 



• Peak stresses occur during bucket engagement with hard material inclusions 
• Stress distributions are approximately normal (Gaussian) 
• Standard deviation typically 15-25% of mean stress 
• Left rotation produces consistently higher stresses than right rotation (184-223% 
increase) 

S5. Finite Element Analysis Convergence Studies 
S5.1 Mesh Convergence Analysis 
Mesh convergence studies were performed to ensure mesh-independent results. The 
following table shows peak stress convergence for the cable anchoring lug model: 
Table S5.1: Mesh convergence study for cable anchoring lug. Final mesh (highlighted) selected based on 

<0.5% change criterion. 

Elements Nodes Peak Stress (MPa) Change (%) CPU Time (s) 
8,450 14,200 218.3 — 58 
16,800 28,500 212.7 -2.6 125 
33,200 56,800 209.8 -1.4 248 
65,900 113,400 208.5 -0.6 485 
131,500 226,200 207.9 -0.3 982 

The final mesh with 131,500 elements was selected based on achieving <0.5% 
change in peak stress compared to the previous refinement level. This provides 
confidence that the solution is effectively mesh-independent. 

S5.2 Element Quality Metrics 
Table S5.2: Element quality metrics for final mesh. All metrics meet or exceed standard quality criteria for 

structural analysis. 

Metric Minimum Mean % Below Threshold 
Aspect Ratio 1.03 2.14 <1% exceed 5:1 
Jacobian Ratio 0.82 0.95 <0.5% below 0.6 
Warping Factor 0.92 0.98 <0.1% exceed 0.1 
Skewness 12° 4° <0.5% exceed 45° 

All element quality metrics indicate a high-quality mesh suitable for accurate stress 
analysis. Over 99% of elements meet standard quality thresholds, with poor-quality 
elements confined to non-critical regions away from stress concentration areas. 

S5.3 Sensitivity Analysis 
Sensitivity analyses confirmed robustness of FEA results: 



• Young's modulus ±5% variation → Peak stress change <2% 
• Poisson's ratio ±10% variation → Peak stress change <1% 
• Boundary condition location ±10 mm → Peak stress change <3% 
• Loading magnitude ±10% → Peak stress change ±10% (linear) 

These sensitivity results confirm that the FEA model is robust to reasonable 
variations in input parameters and that the 4.6% average agreement with experimental 
measurements is not sensitive to small modeling uncertainties. 

 


