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Abstract: 
             High-precision robotic welding is critical in aerospace and space-grade manufacturing applications 
where geometric deviations can directly affect structural integrity and mission reliability. While 
automation frameworks improve execution consistency, predictive modeling of positional accuracy prior 
to deployment remains limited. This study presents a digital twin-based mathematical modeling and 
simulation framework for analyzing positional accuracy behavior in robotic welding systems. A kinematic 
model based on Denavit–Hartenberg (DH) parameters is developed, and joint-level error sources—
including angular offsets, link deviations, backlash, and compliance effects—are systematically 
incorporated into the forward kinematic chain. A digital twin architecture enables controlled error 
injection and trajectory simulation for evaluating deviation growth under various operational scenarios. 
Sensitivity analysis is conducted to quantify the influence of small angular misalignments, initialization 
errors, and trajectory aggressiveness on end-effector positional drift. Results demonstrate that cumulative 
angular errors significantly amplify path deviation, while smoother trajectory planning mitigates dynamic 
instability. The proposed framework provides a predictive tool for pre-deployment validation, enabling 
risk-free optimization of robotic welding systems in high-reliability manufacturing environments. 
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I.     INTRODUCTION 

  Robotic welding systems are increasingly 
deployed in high-precision manufacturing domains, 
including aerospace and space-structure fabrication, 
where geometric accuracy and repeatability are 
critical performance metrics. In such environments, 
even small positional deviations can accumulate 
along weld paths, potentially affecting joint 
integrity and structural reliability. Traditional 
accuracy validation methods rely heavily on post-
deployment measurement and calibration, which 

can be costly and time-consuming in high-value 
manufacturing systems. 

Recent advances in digital twin technology 
provide new opportunities for predictive validation 
of robotic systems prior to physical deployment. A 
digital twin represents a dynamic virtual replica of a 
physical system, enabling simulation-based 
performance analysis under varying operational and 
error conditions [1], [2]. In manufacturing 
applications, digital twins have been applied to 
process monitoring, predictive maintenance, and 
production optimization [3]. However, quantitative 
modeling of positional accuracy behavior in robotic 
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welding systems using a digital twin framework 
remains underexplored. 

Robotic welding accuracy is fundamentally 
governed by kinematic relationships, joint-level 
tolerances, and dynamic response characteristics. 
Errors may arise from joint encoder offsets, angular 
misalignments, link-length deviations, backlash, 
and structural compliance [4], [5]. Even minor 
angular deviations at individual joints can 
propagate through the kinematic chain and result in 
amplified end-effector positioning errors [6]. In 
high-reliability applications, understanding this 
error propagation behavior is essential for ensuring 
weld path stability. 

Most existing studies focus either on 
controller tuning or empirical calibration techniques 
[7], [8], while limited attention has been given to 
structured mathematical sensitivity analysis 
integrated within a digital twin environment. 
Furthermore, trajectory planning characteristics—
such as aggressive acceleration versus smooth 
conservative motion—can influence cumulative 
drift and stability, yet systematic simulation-based 
evaluation of such effects is scarce. 

To address these gaps, this paper proposes a 
digital twin-based mathematical modeling 
framework for analyzing positional accuracy in 
robotic welding systems. The main contributions of 
this work are: 

1. Development of a Denavit–Hartenberg 
(DH)-based kinematic model with 
integrated joint-level error injection. 

2. Formulation of a digital twin architecture 
enabling controlled simulation of 
initialization offsets, angular misalignments, 
and backlash effects. 

3. Quantitative sensitivity analysis of 
positional deviation under different 
trajectory planning strategies. 

4. Establishment of a predictive, pre-
deployment validation methodology suitable 
for high-reliability manufacturing systems. 
Unlike conceptual automation frameworks, 

this study emphasizes mathematical modeling and 
simulation-driven validation. The results 
demonstrate how small parametric uncertainties 
propagate through the kinematic chain and 
influence weld path stability. The proposed 
approach supports safer and more reliable robotic 
deployment in aerospace-grade manufacturing 
environments. 

The remainder of this paper is organized as 
follows: Section 2 presents the kinematic and error 
modeling background; Section 3 describes the 
digital twin framework architecture; Section 4 
discusses simulation case studies; Section 5 
presents sensitivity analysis results; and Sections 6 
and 7 provide discussion and conclusions. 

 

II. KINEMATIC AND ERROR MODELING OF 

THE ROBOTIC WELDING SYSTEM 
Accurate modeling of robotic welding 

systems requires a structured representation of the 
kinematic chain and systematic incorporation of 
joint-level uncertainties. In high-precision 
applications, even small deviations in joint 
parameters can propagate nonlinearly through the 
manipulator and significantly affect end-effector 
positioning accuracy [4], [5]. This section presents 
the mathematical framework used for forward 
kinematics and structured error modeling within the 
proposed digital twin environment. 

i. Denavit–Hartenberg Representation 
The robotic welding manipulator is modeled 

using the standard Denavit–Hartenberg (DH) 
convention, which provides a systematic method for 
describing spatial relationships between 
consecutive links [4]. 
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Each link 𝑖 is characterized by four DH 
parameters: 

 𝑎௜: link length 
 𝛼௜: link twist 
 𝑑௜: link offset 
 𝜃௜: joint angle 

The homogeneous transformation matrix 
between frame 𝑖 − 1and frame 𝑖is defined as: 

𝑇௜
௜ିଵ = ൦

cos 𝜃௜ −sin 𝜃௜cos 𝛼௜ sin 𝜃௜sin 𝛼௜ 𝑎௜cos 𝜃௜

sin 𝜃௜ cos 𝜃௜cos 𝛼௜ −cos 𝜃௜sin 𝛼௜ 𝑎௜sin 𝜃௜

0 sin 𝛼௜ cos 𝛼௜ 𝑑௜

0 0 0 1

൪ 

 

The overall forward kinematics of an 𝑛 -
degree-of-freedom (DOF) manipulator is obtained 
by multiplying the transformation matrices: 

𝑇଴
௡ = ෑ 𝑇௜

௜ିଵ

௡

௜ୀଵ

 

 
The end-effector position vector 𝐱 =

[𝑥, 𝑦, 𝑧]் is extracted from the final transformation 
matrix. 

This nominal forward kinematic model 
defines the ideal positional output of the robotic 
welding system. 

 
Fig. 1: Schematic of robotic manipulator with 
DH parameter assignment. 

ii. Differential Kinematics and Error 
Propagation 

To analyze sensitivity to joint-level 
deviations, the Jacobian matrix 𝐽(𝜃)is derived from 
the forward kinematic mapping: 

𝐱 = 𝑓(𝜃) 

 
A small joint perturbation Δ𝜃 produces an 

end-effector deviation: 
Δ𝐱 = 𝐽(𝜃)Δ𝜃 

 
Where, 

𝐽(𝜃) =
∂𝑓(𝜃)

∂𝜃
 

 
This formulation reveals that angular 

deviations are amplified depending on manipulator 
configuration. The norm of the positional deviation 
is expressed as: 

∥ Δ𝐱 ∥=∥ 𝐽(𝜃)Δ𝜃 ∥ 

 
High Jacobian condition numbers indicate 

increased sensitivity to joint errors [5]. 
iii. Joint-Level Error Modeling 

In practical robotic welding systems, several 
error sources contribute to positional inaccuracy: 

(a) Joint Offset Error 
Encoder miscalibration introduces angular 

deviation: 

𝜃௜
௔௖௧௨௔௟ = 𝜃௜

௡௢௠௜௡௔௟ + Δ𝜃௜  

 
(b) Link Length Deviation 
Manufacturing tolerances lead to link variation: 

𝑎௜
௔௖௧௨௔௟ = 𝑎௜ + Δ𝑎௜ 

 
(c) Angular Misalignment 
Joint axis misalignment modifies twist parameter: 

𝛼௜
௔௖௧௨௔௟ = 𝛼௜ + Δ𝛼௜  

(d) Backlash Modeling 
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Backlash can be approximated as a dead-zone 
nonlinearity: 

𝜃௜
௘௙௙௘௖௧௜௩௘

= ൜
𝜃௜ − 𝛿௕ , if motion direction changes

𝜃௜ , otherwise
 

 
where 𝛿௕represents backlash width. 

 
Fig. 2: Visualization of joint offset, backlash, and 
angular misalignment error sources. 

iv. Error-Injected Forward Kinematics 
Incorporating joint-level perturbations, the 

actual transformation becomes: 

𝑇଴
௡,௔௖௧௨௔௟ = ෑ 𝑇௜

௜ିଵ

௡

௜ୀଵ

(𝜃௜ + Δ𝜃௜ , 𝑎௜ + Δ𝑎௜, 𝛼௜ + Δ𝛼௜) 

 
The total positional deviation is defined as: 

Δ𝐱௧௢௧௔௟ = 𝐱௔௖௧௨௔௟ − 𝐱௡௢௠௜௡௔௟  

 
This nonlinear error mapping forms the 

foundation of the digital twin simulation framework. 
v. Compliance and Structural 

Approximation 
In addition to geometric errors, structural 

compliance under welding-induced loads can 
introduce displacement. A simplified linear 
compliance approximation is adopted: 

Δ𝐱௖ = 𝐾ିଵ𝐅 

 
where: 
 𝐾is the equivalent stiffness matrix 
 𝐅is external load vector 

Although detailed dynamic force data are 
not required for this simulation-based study, 
normalized compliance factors are introduced to 
evaluate qualitative sensitivity trends. 

vi. Normalized Positional Deviation 
Metric 

To evaluate path stability, a normalized 
deviation metric is defined: 

𝐷௡௢௥௠ =
∥ 𝐱௔௖௧௨௔௟ − 𝐱௡௢௠௜௡௔௟ ∥

𝐿௣௔௧௛
 

 
where 𝐿௣௔௧௛represents the total weld path length. 

This metric allows comparison across 
different trajectory scenarios and error injection 
cases. 

   
Fig. 3: Illustration of normalized positional 
deviation metric along weld path. 

vii. Summary of Modeling Assumptions 
The following assumptions are adopted for 

simulation consistency: 
1. Rigid-body kinematic modeling with small 

perturbation approximation. 
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2. Linear compliance approximation for 
qualitative sensitivity evaluation. 

3. No thermal distortion coupling in the 
current model. 

4. Error sources treated independently unless 
otherwise specified. 
These assumptions are consistent with 

established robotic accuracy modeling literature 
[4]–[6]. 
 

III. DIGITAL TWIN FRAMEWORK 

ARCHITECTURE 
The digital twin framework developed in 

this study serves as a simulation-driven validation 
environment for evaluating positional accuracy 
behavior in robotic welding systems. Unlike 
conceptual representations of digital twins focused 
solely on monitoring, the proposed framework 
integrates mathematical kinematic modeling, 
structured error injection, and trajectory simulation 
modules to enable quantitative sensitivity analysis. 

The architecture is designed to replicate the 
functional behavior of the physical robotic welding 
system while allowing controlled perturbation of 
geometric and operational parameters. This section 
describes the modular structure of the digital twin 
environment and its computational workflow. 

i. Physical-to-Virtual System 
Representation 

The first layer of the digital twin establishes 
a mapping between the physical robotic 
manipulator and its virtual kinematic counterpart. 
The manipulator is modeled using Denavit–
Hartenberg (DH) parameters as defined in Section 2. 
These parameters represent the geometric structure 
of the system, including link lengths, joint offsets, 
and axis orientations. 

Let the nominal system configuration be 
defined by the parameter set: 

𝒫௡௢௠ = {𝑎௜, 𝛼௜ , 𝑑௜, 𝜃௜} 

 
The virtual representation initializes using 

this parameter set to reproduce ideal forward 
kinematic behavior: 

𝐱௡௢௠ = 𝑓(𝒫௡௢௠) 

 
The digital twin maintains this nominal state 

as the baseline reference for deviation analysis. 
This physical-to-virtual mapping ensures 

that all simulation outputs are grounded in 
mathematically defined manipulator geometry, 
consistent with established robotics modeling 
frameworks [4], [5]. 

ii. Error Injection Engine 
A core component of the proposed digital 

twin architecture is the structured error injection 
module. This module allows controlled perturbation 
of selected kinematic parameters to evaluate their 
influence on positional accuracy. 

The error-augmented parameter set is defined as: 
𝒫௔௖௧௨௔௟ = {𝑎௜ + Δ𝑎௜,  𝛼௜ + Δ𝛼௜,  𝑑௜,  𝜃௜ + Δ𝜃௜} 

 
The injected errors include: 
• Joint angular offsets (Δ𝜃௜) 
• Link length deviations (Δ𝑎௜) 
• Axis misalignment (Δ𝛼௜) 
• Backlash-induced angular discontinuities 
• Initialization pose offsets 

The actual end-effector position is computed as: 
𝐱௔௖௧௨௔௟ = 𝑓(𝒫௔௖௧௨௔௟) 

 
The deviation vector is then obtained as: 

Δ𝐱 = 𝐱௔௖௧௨௔௟ − 𝐱௡௢௠ 

 
This modular structure allows individual 

error sources to be activated independently or in 
combination. Such structured injection is essential 
for sensitivity analysis and cumulative drift 
evaluation [6]. 
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Fig. 4: Block diagram of Digital Twin 
Architecture showing Nominal Model, Error 
Injection Module, Trajectory Generator, and 
Deviation Analyzer. 

iii. Trajectory Simulation Module 
Robotic welding accuracy is highly 

dependent on trajectory planning characteristics. 
The digital twin therefore includes a trajectory 
generation module capable of simulating multiple 
motion profiles. 

Let the weld path be defined parametrically as: 
𝐱ௗ(𝑡) = [𝑥ௗ(𝑡), 𝑦ௗ(𝑡), 𝑧ௗ(𝑡)] 

 
Two representative trajectory classes are 

considered: 
1. Aggressive trajectory 

High acceleration and rapid direction 
changes. 

2. Smooth conservative trajectory 
Reduced acceleration and continuous 
curvature transitions. 
For each trajectory, inverse kinematics is 

applied to compute joint space motion: 
𝜃(𝑡) = 𝑓ିଵ(𝐱ௗ(𝑡)) 

 
Error injection is then applied in joint space 

prior to forward kinematic evaluation. This enables 
analysis of how trajectory aggressiveness amplifies 
positional deviations due to angular perturbations. 

iv. Deviation Monitoring and 
Stability Metrics 

To quantify system behavior, the digital 
twin incorporates normalized deviation metrics. 
The instantaneous positional deviation is defined as: 

𝐷(𝑡) =∥ 𝐱௔௖௧௨௔௟(𝑡) − 𝐱௡௢௠(𝑡) ∥ 

 
A normalized metric relative to total path length 

is defined as: 

𝐷௡௢௥௠ =
max 𝐷(𝑡)

𝐿௣௔௧௛
 

 
where 𝐿௣௔௧ is the total weld seam length. 

Cumulative drift is evaluated using: 

𝐷௖௨௠ = ෍ ∥ Δ𝐱(

ே

௞ୀଵ

𝑡௞) ∥ 

 
These metrics allow quantitative 

comparison between simulation scenarios and 
provide a structured method for ranking parameter 
influence. 

v. Sensitivity Analysis Module 
The digital twin enables parametric sweep 

analysis, where individual error sources are varied 
within controlled bounds: 

Δ𝜃௜ ∈ [0.01∘, 0.5∘] 

Δ𝑎௜ ∈ [0,0.5 mm] 

 
The sensitivity of positional deviation with 

respect to each parameter is approximated as: 

𝑆௣ =
∂ ∥ Δ𝐱 ∥

∂𝑝
 

 
where 𝑝represents a given error parameter. 

This differential sensitivity evaluation 
allows identification of dominant error contributors 
and supports pre-deployment risk mitigation. 

vi. Computational Workflow 
The complete digital twin workflow follows 

these steps: 
1. Initialize nominal DH parameters. 
2. Define weld path trajectory. 
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3. Apply inverse kinematics to compute joint 
commands. 

4. Inject selected joint-level errors. 
5. Compute forward kinematics for actual 

configuration. 
6. Evaluate positional deviation metrics. 
7. Perform sensitivity ranking. 

This structured architecture ensures 
reproducibility and modular extensibility, allowing 
integration with advanced AI-based optimization 
frameworks in future studies. 

 

  
Fig. 5: Flowchart of Digital Twin Simulation 
Workflow. 

vii. Advantages of the Proposed 
Architecture 

The proposed digital twin framework offers 
several advantages: 

• Enables pre-deployment accuracy validation 
without physical trials 
• Quantifies cumulative error amplification 
• Supports sensitivity ranking of geometric 
uncertainties 
• Allows safe exploration of worst-case scenarios 

• Provides a foundation for physics-guided AI 
integration 

Unlike empirical calibration approaches, 
this modeling-based architecture provides 
predictive insight into positional stability behavior 
under controlled perturbations. 

 

IV. SIMULATION CASE STUDIES AND 

SCENARIO DESIGN 
To evaluate the predictive capability of the 

proposed digital twin framework, a structured set of 
simulation case studies was designed. These case 
studies systematically investigate the influence of 
joint-level errors, initialization offsets, and 
trajectory characteristics on end-effector positional 
accuracy. The objective is not to replicate 
confidential physical data, but rather to provide 
normalized deviation analysis that reveals error 
propagation behavior under controlled perturbations. 

All simulations were conducted using the 
kinematic and error modeling formulations 
described in Sections 2 and 3. The deviation metric 
𝐷௡௢௥௠ defined previously was used for cross-
scenario comparison. 

i. Baseline Ideal Configuration 
The first case establishes a reference 

scenario with no injected geometric or initialization 
errors. Nominal DH parameters were used, and a 
linear weld seam trajectory was simulated with 
constant velocity motion. 

𝒫௔௖௧௨௔௟ = 𝒫௡௢௠ 

 
This baseline scenario verifies that the 

digital twin reproduces ideal path tracking without 
accumulated drift. The deviation metric approaches 
numerical precision limits: 

𝐷௡௢௥௠ ≈ 0 

 
This case serves as a validation benchmark 

for subsequent error-injected simulations. 
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Fig. 6: Baseline trajectory showing ideal weld 
path tracking. 

ii. Initialization Offset Scenario 
In high-precision robotic systems, improper 

initialization or reference frame misalignment can 
introduce positional bias prior to motion execution. 
To simulate this effect, a small initialization offset 
Δ𝐱଴was applied to the starting pose. 

𝐱௦௧௔௥௧
௔௖௧௨௔௟ = 𝐱௦௧௔௥௧

௡௢௠ + Δ𝐱଴ 

 
Even when joint commands remain nominal, 

this initial bias propagates along the weld seam. 
Simulation results demonstrate that initialization 
errors introduce constant path offset rather than 
progressive drift. 

This scenario highlights the importance of 
calibration accuracy before deployment. 

Fig. 7: Weld path comparison under 
initialization offset. 

iii. Aggressive vs. Smooth 
Trajectory Profiles 

Trajectory characteristics significantly 
influence positional stability. Two trajectory classes 
were simulated: 

1. Aggressive trajectory — higher 
acceleration and abrupt directional 
transitions. 

2. Smooth trajectory — reduced acceleration 
with continuous curvature transitions. 
The same angular perturbation magnitude 

Δ𝜃 was applied in both cases. Results show that 
aggressive trajectories amplify instantaneous 
positional deviation due to higher dynamic 
sensitivity of the Jacobian matrix configuration. 

The smooth trajectory reduces peak 
deviation magnitude and cumulative drift: 

𝐷௡௢௥௠
௦௠௢௢ < 𝐷௡௢௥௠

௔௚௚௥௘௦௦௜௩௘
 

 
This result confirms that trajectory planning 

plays a critical role in maintaining path stability, 
consistent with robotic motion control studies [5], 
[7]. 
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Fig. 8: Comparison of deviation profiles for 
aggressive and smooth trajectories. 

iv. Joint Backlash Impact 
Backlash introduces discontinuous motion 

behavior, particularly during direction reversal. To 
simulate this, a dead-zone angular deviation 𝛿௕was 
introduced at selected joints. 

𝜃௜
௘௙௙௘௖௧௜௩௘

= ൜
𝜃௜ − 𝛿௕ on reversal

𝜃௜ otherwise
 

 
Simulation results indicate that backlash 

produces localized path distortion and oscillatory 
deviation patterns along the weld seam. Unlike 
initialization offsets, backlash-induced error varies 
dynamically and may accumulate when trajectory 
reversals are frequent. 

This case demonstrates the sensitivity of 
precision welding to mechanical joint tolerances. 

 
Fig. 9: Localized deviation caused by joint 
backlash. 

v. Sensitivity to Small Angular 
Errors 

A parametric sweep was conducted by 
varying joint angular deviation from: 

Δ𝜃௜ = 0.01∘  to  0.5∘ 

 
For each perturbation magnitude, the 

normalized deviation metric was computed. Results 
indicate nonlinear amplification of positional 
deviation as angular error increases. 

The relationship approximates: 
𝐷௡௢௥௠ ∝∥ 𝐽(𝜃) ∥⋅ Δ𝜃 

 
This confirms the theoretical sensitivity 

predicted by the Jacobian formulation presented in 
Section 2. 

Even small angular misalignments (below 
0.1°) can produce measurable end-effector drift in 
extended weld paths. 
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Fig. 10: Positional deviation versus angular 
error magnitude. 

vi. Combined Multi-Parameter 
Error Scenario 

To approximate realistic operational 
conditions, a combined error case was simulated 
including: 
• Small angular offsets 
• Minor link-length deviation 
• Initialization bias 
• Backlash 

The cumulative deviation exhibited 
nonlinear amplification, exceeding the sum of 
individual contributions due to kinematic coupling 
effects. 

Δ𝐱௖௢௠௕௜௡௘ௗ ≠ ∑Δ𝐱௜௡ௗ௜௩௜ௗ௨௔௟  

 
This result emphasizes that error sources 

interact within the nonlinear transformation chain, 
reinforcing the need for integrated digital twin 
validation rather than isolated parameter calibration. 

 
Fig. 11: Cumulative deviation under multi-
parameter error injection. 

vii. Summary of Simulation 
Observations 

The structured case studies demonstrate: 
• Initialization errors cause uniform path offset. 
• Angular perturbations lead to amplified drift 
depending on configuration. 
• Aggressive trajectory planning increases peak 
deviation. 
• Backlash introduces localized instability. 
• Combined small errors can produce nonlinear 
cumulative deviation. 

These findings validate the capability of the 
proposed digital twin framework to analyze 
positional accuracy behavior under diverse 
operating conditions. 

 

V.  ACCURACY SENSITIVITY ANALYSIS AND 

QUANTITATIVE RESULTS 
The simulation case studies presented in 

Section 4 demonstrate qualitative deviation 
behavior under structured perturbations. This 
section provides a quantitative sensitivity 
evaluation to determine which error sources most 
significantly influence end-effector positional 
accuracy. The objective is to establish a ranked 
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influence hierarchy using normalized deviation 
metrics and differential sensitivity measures. 

i. Sensitivity Formulation 
Let the positional deviation magnitude be 

defined as: 
𝐷 =∥ 𝐱௔௖௧௨௔௟ − 𝐱௡௢௠ ∥ 

 
For a given parameter 𝑝 , the sensitivity 

coefficient is defined as: 

𝑆௣ =
∂𝐷

∂𝑝
 

 
Since exact analytical derivatives are 

impractical for nonlinear kinematic chains, a finite 
difference approximation is employed: 

𝑆௣ ≈
𝐷(𝑝 + Δ𝑝) − 𝐷(𝑝)

Δ𝑝
 

 
where Δ𝑝represents a small perturbation in 

the parameter of interest. 
Parameters analyzed include: 

• Joint angular offset Δ𝜃௜ 
• Link length deviation Δ𝑎௜ 
• Angular misalignment Δ𝛼௜ 
• Backlash width 𝛿௕ 
• Initialization offset magnitude 

All sensitivities are evaluated using the 
normalized deviation metric 𝐷௡௢௥௠. 

ii. Angular Error Sensitivity 
A parametric sweep was conducted for joint 

angular deviation in the range: 
Δ𝜃௜ ∈ [0.01∘, 0.5∘] 

 
Simulation results indicate an approximately 

linear increase in positional deviation for small 
perturbations, consistent with first-order Jacobian 
approximation: 

Δ𝐱 ≈ 𝐽(𝜃)Δ𝜃 

 

However, as perturbation magnitude 
increases, nonlinear amplification effects become 
evident due to configuration-dependent Jacobian 
variations [4], [5]. 

The sensitivity ranking reveals that distal 
joints (closer to the end-effector) exhibit higher 
influence on positional deviation compared to 
proximal joints. This is consistent with kinematic 
leverage effects in serial manipulators. 

 
Fig. 12: Positional deviation vs. angular error 
magnitude for selected joints. 

iii. Link Length and Geometric 
Tolerance Sensitivity 

Link length deviations were varied within 
realistic manufacturing tolerance bounds: 

Δ𝑎௜ ∈ [0,0.5 mm] 

 
Results show that link length deviations 

produce systematic positional bias rather than 
dynamic oscillatory behavior. The effect scales 
proportionally with the magnitude of deviation and 
the link’s position in the kinematic chain. 

Compared to angular perturbations, link 
length deviations exhibit lower sensitivity 
coefficients: 

𝑆ఏ > 𝑆௔ 
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indicating that angular errors dominate 
positional instability. 

iv. Backlash Sensitivity 
Backlash width was varied incrementally to 

assess its impact on weld path stability. Unlike 
geometric deviations, backlash introduces direction-
dependent discontinuities. 

Simulation results demonstrate: 
• Localized spike deviations during direction 
reversal 
• Increased oscillatory deviation patterns for 
aggressive trajectories 
• Amplified cumulative drift when reversal 
frequency increases 

The sensitivity coefficient for backlash is 
strongly dependent on trajectory profile: 

𝑆ఋ್

௔௚௚௥௘௦௦௜௩௘
> 𝑆ఋ್

௦௠௢௢௧௛ 

 
This confirms the interaction between 

mechanical tolerances and motion planning. 

  
Fig. 13: Deviation amplitude vs. backlash width 
under different trajectory profiles. 

v. Initialization Offset Influence 
Initialization offset magnitude was varied while 

maintaining nominal joint trajectories. Results show 
that initialization error produces uniform path shift 
without progressive drift accumulation. 

The normalized sensitivity to initialization offset is: 
𝑆௜௡௜௧ ≈ 1 

 
indicating direct proportionality between offset 

magnitude and path displacement. However, unlike 
angular perturbations, initialization errors do not 
amplify over time. 

This distinction is critical for calibration 
prioritization strategies. 

vi. Cumulative Drift Analysis 
To evaluate long-path stability, cumulative 

deviation was computed as: 

𝐷௖௨௠ = ෍ ∥ Δ𝐱(

ே

௞ୀଵ

𝑡௞) ∥ 

 
For small angular perturbations, cumulative 

drift increases approximately linearly with path 
length. However, when multiple error sources are 
combined, nonlinear coupling effects produce 
superlinear growth. 

𝐷௖௢௠௕௜௡௘ௗ > ∑𝐷௜௡ௗ௜௩௜ௗ௨௔௟  

 
This result confirms the necessity of 

integrated error modeling within a digital twin 
environment rather than isolated tolerance analysis. 

  
Fig. 14: Cumulative drift comparison across 
error scenarios. 
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vii. Sensitivity Ranking Summary 
Based on normalized sensitivity coefficients, 

the ranked influence hierarchy is: 
1. Joint angular misalignment 
2. Backlash (trajectory-dependent) 
3. Link length deviation 
4. Initialization offset 

Angular errors consistently produce the 
highest amplification due to Jacobian leverage 
effects. This finding aligns with established robotic 
calibration literature [6], [7]. 

viii. Implications for Robotic Welding 
Deployment 

The quantitative sensitivity results indicate that: 
• Precision encoder calibration should be prioritized 
over minor geometric tolerances. 
• Backlash mitigation is critical when aggressive 
trajectories are used. 
• Smooth trajectory planning reduces effective 
sensitivity to mechanical tolerances. 
• Digital twin-based pre-deployment simulation can 
identify dominant instability sources before 
hardware commissioning. 

These insights demonstrate that 
mathematical modeling combined with simulation-
based validation provides a structured pathway for 
improving positional reliability in high-precision 
robotic welding systems. 

 

VI. DISCUSSION — DIGITAL TWIN IN 

HIGH-RELIABILITY MANUFACTURING 

CONTEXT 
The results presented in Sections 4 and 5 

demonstrate that small kinematic uncertainties can 
propagate nonlinearly through the robotic 
manipulator and produce measurable positional 
deviation along weld paths. In high-reliability 
manufacturing domains such as aerospace and 
space-structure fabrication, such deviations can 
directly influence structural integrity, dimensional 

tolerance compliance, and long-term operational 
safety. 

This section discusses the broader 
implications of the proposed digital twin framework 
in the context of high-reliability robotic 
manufacturing systems. 

i. Importance of Predictive 
Validation in Aerospace-Grade 
Systems 

In conventional industrial applications, 
positional inaccuracies may be corrected through 
iterative calibration and post-process inspection. 
However, aerospace-grade manufacturing 
environments impose significantly stricter tolerance 
requirements, where rework may be costly or 
infeasible. As reported in prior studies, robotic 
accuracy errors often originate from cumulative 
geometric tolerances and joint-level misalignment 
effects [4], [6]. 

The proposed digital twin framework 
enables pre-deployment validation of such error 
propagation behavior without exposing physical 
hardware to risk. By simulating worst-case 
tolerance scenarios and quantifying deviation 
metrics, the system allows identification of 
dominant instability sources prior to operational 
commissioning. 

This predictive capability aligns with 
emerging digital twin methodologies in advanced 
manufacturing systems [1], [2], where virtual 
validation reduces deployment risk and improves 
reliability. 

ii. From Reactive Calibration to 
Proactive Modeling 

Traditional robotic calibration strategies 
focus on correcting measured positional deviation 
after physical testing [7], [8]. While effective, such 
approaches are reactive and dependent on repeated 
measurement cycles. 

In contrast, the digital twin architecture 
presented in this study provides a proactive 
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modeling approach. By integrating kinematic 
modeling, structured error injection, and sensitivity 
analysis, the framework predicts deviation trends 
before physical errors manifest. 

This shift from empirical correction to 
predictive modeling is particularly valuable in 
environments where system downtime or rework 
must be minimized. 

Furthermore, sensitivity ranking results 
indicate that angular misalignment and backlash 
dominate positional instability. Such insights allow 
targeted investment in encoder calibration and joint 
design improvements rather than broad, costly 
tolerance tightening across all components. 

iii. Interaction Between 
Trajectory Planning and 
Mechanical Tolerances 

One important observation from the 
simulation study is the interaction between 
trajectory characteristics and mechanical tolerance 
sensitivity. Aggressive trajectory profiles amplify 
deviation peaks due to higher instantaneous 
configuration sensitivity, while smooth 
conservative motion reduces dynamic instability. 

This finding highlights that accuracy 
performance is not solely a function of hardware 
tolerances but also depends on motion planning 
strategies. In high-precision welding systems, 
optimization of trajectory smoothness can serve as a 
complementary mitigation strategy to mechanical 
calibration. 

The digital twin environment allows such 
interaction analysis without physical trials, 
supporting optimization of control policies under 
safety constraints. 

iv. Digital Twin as a Risk-Free 
Optimization Platform 

The modular architecture of the proposed 
framework enables controlled injection of: 
• Angular misalignment 
• Link-length variation 

• Backlash 
• Initialization offsets 

Such controlled experimentation is difficult 
to perform safely on physical robotic systems, 
especially in aerospace production environments. 
The digital twin therefore serves as a risk-free 
optimization platform where extreme or worst-case 
parameter scenarios can be explored without 
hardware damage. 

This capability supports: 
• Pre-deployment certification analysis 
• Tolerance sensitivity studies 
• Robustness verification 
• Scenario-based stress testing 

Digital twin methodologies are increasingly 
recognized as key enablers for intelligent 
manufacturing systems [2], [3], and the present 
work contributes specifically to the accuracy 
validation dimension of robotic welding 
applications. 

v. Integration with AI and Future 
Intelligent Systems 

While this study focuses on physics-based 
modeling and deterministic sensitivity analysis, the 
digital twin architecture can be extended to 
integrate data-driven approaches. For example: 
• AI-based prediction models may estimate 
positional deviation trends. 
• Adaptive controllers may compensate predicted 
drift. 
• Reinforcement learning algorithms may optimize 
trajectory planning under tolerance constraints. 

Such hybrid physics–AI integration is 
emerging as a promising direction in intelligent 
manufacturing research [3]. 

By providing a mathematically grounded 
digital twin foundation, the present framework 
establishes a reliable base for future integration of 
machine learning-driven predictive compensation 
mechanisms. 
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vi. Limitations and Scope 
It is important to recognize the limitations of 

the present study: 
1. The modeling assumes rigid-body 

kinematics with simplified compliance 
approximation. 

2. Thermal distortion effects from welding 
heat input are not included. 

3. Dynamic vibration modeling is not 
explicitly incorporated. 

4. Experimental validation of deviation 
magnitudes is beyond the scope of this 
simulation-based study. 
Nevertheless, the objective of this work is 

not to replace physical calibration but to provide 
structured predictive modeling capable of ranking 
sensitivity and identifying dominant instability 
contributors. 

vii. Contribution to High-
Reliability Manufacturing 
Practice 

The primary contribution of this study lies 
in demonstrating that: 
• Mathematical modeling combined with structured 
digital twin simulation enables quantitative error 
sensitivity ranking. 
• Small joint-level perturbations can produce 
amplified positional deviation depending on 
manipulator configuration. 
• Trajectory planning strategies significantly 
influence tolerance sensitivity. 
• Integrated multi-parameter perturbations exhibit 
nonlinear cumulative drift behavior. 

These findings provide actionable insights 
for robotic welding deployment in high-precision 
manufacturing systems and support the broader 
adoption of digital twin-based predictive validation 
methodologies. 

 

VII. CONCLUSION 

This study presented a digital twin-based 
mathematical modeling framework for analyzing 
positional accuracy behavior in robotic welding 
systems. A structured kinematic formulation using 
Denavit–Hartenberg parameters was developed, and 
joint-level uncertainties—including angular 
misalignment, link-length deviation, backlash, and 
initialization offsets—were systematically 
incorporated into the forward kinematic chain. The 
integration of these models within a modular digital 
twin architecture enabled controlled error injection 
and simulation-driven validation. 

Quantitative sensitivity analysis 
demonstrated that joint angular deviations exert the 
strongest influence on end-effector positional 
accuracy, primarily due to Jacobian-based 
amplification effects. Backlash sensitivity was 
found to be trajectory-dependent, with aggressive 
motion profiles significantly increasing deviation 
magnitude. Link-length tolerances and initialization 
offsets contributed primarily to systematic path 
shifts rather than cumulative drift amplification. 
Furthermore, combined multi-parameter 
perturbations exhibited nonlinear interaction effects, 
highlighting the importance of integrated modeling 
rather than isolated tolerance evaluation. 

The results confirm that digital twin 
simulation provides a predictive, risk-free 
environment for evaluating robotic accuracy prior 
to physical deployment. By enabling sensitivity 
ranking and scenario-based stress testing, the 
framework supports proactive tolerance 
management and trajectory optimization in high-
reliability manufacturing environments. 

While the present work focuses on rigid-
body kinematic modeling with simplified 
compliance approximation, the methodology 
establishes a foundation for future extensions 
incorporating thermal distortion modeling, dynamic 
vibration analysis, and physics-informed machine 
learning compensation strategies. 
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Overall, the proposed digital twin-based 
validation approach contributes toward improving 
reliability, stability, and predictive assurance in 
precision robotic welding systems, particularly 
within aerospace-grade manufacturing contexts. 
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