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Abstract 

Signal processing is pivotal in enhancing the performance of robot manipulators by ensuring 

precise sensor data interpretation, noise reduction, and real-time control. This paper explores 

the role of signal processing in sensor data acquisition, control signal generation, noise 

mitigation, and real-time implementation. Case studies in industrial and medical 

applications underscore its impact on accuracy and reliability. Emerging trends, such as AI 

integration, are discussed to highlight future research directions. 
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Introduction 

Robot manipulators have emerged as cornerstone technologies in modern automation, 

revolutionizing industries ranging from precision manufacturing and logistics to minimally 

invasive surgery and space exploration. These systems, characterized by their articulated arms and 

multi-degree-of-freedom (DOF) motion, are tasked with executing complex operations in 

dynamic, often unpredictable environments. However, their performance hinges on the seamless 

integration of sensing, computation, and actuation—a triad governed by advanced signal 

processing techniques. As manipulators evolve to meet demands for higher speed, accuracy, and 

adaptability, the role of signal processing has become indispensable in translating raw sensor data 

into reliable control actions while mitigating noise, latency, and environmental uncertainties. 

The proliferation of Industry 4.0 and collaborative robotics (robots) has intensified the need for 

real-time signal processing. In industrial settings, manipulators must synchronize with conveyor 

belts, vision systems, and human operators, requiring millisecond-level responses to avoid 

collisions or production errors. Similarly, in medical applications such as robotic-assisted surgery, 

signal processing ensures the attenuation of physiological tremors and enables haptic feedback for 

surgeons. Yet, these systems face inherent challenges: sensor data from encoders, torque sensors, 

and inertial measurement units (IMUs) are often corrupted by electromagnetic interference, 
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mechanical vibrations, or quantization artifacts. Furthermore, the non-linear dynamics of 

manipulators—such as inertial coupling between joints and friction—complicate control signal 

generation, necessitating sophisticated algorithms to maintain stability and precision. 

Traditional signal processing frameworks, rooted in classical control theory and linear filtering, 

are increasingly augmented by data-driven approaches. For instance, adaptive filters like the Least 

Mean Squares (LMS) algorithm dynamically adjust to time-varying noise profiles, while wavelet 

transforms isolate transient anomalies in torque or vibration signals. Meanwhile, sensor fusion 

techniques, such as Kalman and particle filters, integrate heterogeneous data streams (e.g., vision, 

lidar, and IMUs) to resolve ambiguities in the manipulator’s state estimation. These advancements 

are underpinned by mathematical models like the Euler-Lagrange equations, which describe the 

manipulator’s dynamics, and the Jacobian matrix, which maps joint velocities to end-effector 

motion. However, the computational complexity of these models poses challenges for real-time 

implementation, driving innovations in hardware acceleration (e.g., FPGAs and GPUs) and edge 

computing. 

This paper examines the interplay between signal processing methodologies and robotic 

manipulators, focusing on their mathematical foundations, practical implementations, and 

emerging trends. Section 2 delves into sensor data acquisition, emphasizing Nyquist-Shannon 

sampling and quantization error mitigation. Section 3 explores control signal generation through 

PID and Model Predictive Control (MPC), while Section 4 addresses noise reduction via adaptive 

filtering and wavelet denoising. Section 5 discusses real-time processing challenges and hardware 

solutions, illustrated through case studies in industrial and medical robotics. Finally, Section 6 

highlights future directions, including AI-driven adaptive control and quantum computing for real-

time optimization. By synthesizing theoretical models with real-world applications, this work aims 

to provide a comprehensive roadmap for researchers and engineers advancing the frontiers of 

robotic manipulation. 

 

Sensor Data Acquisition 

Nyquist-Shannon Sampling Theorem 

To avoid aliasing, the sampling rate fs must satisfy: 

fs > 2fmax, 

where fmax is the highest frequency in the analog signal. 

 

Quantization Error 

For an ADC with N-bit resolution, the quantization noise power is: 

σ2 =
∆2

12
, ∆=

Vref

2N
, 

where Δ is the least significant bit (LSB) voltage. 

 

Control Signal Processing 

Control Algorithms 

Robot manipulators rely on control laws to map sensor data to actuator commands. Key 

algorithms include: 
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1. PID Control: 

The proportional-integral-derivative (PID) controller generates control signals as: 

u(t) = Kpe(t) + Ki∫ e(τ)dτ + Kd

de(t)

dt

t

0

 

where e(t)=qdesired(t)−qactual(t) is the joint angle error, and Kp, Ki, Kd are tuning gains. 

2. Model Predictive Control (MPC): 

MPC solves a constrained optimization problem at each time step: 

min
u

∑(qk − qref,k)
T
Q(qk − qref,k) + uk

TRuk

N

k=0

 

subject to qk+1=f(qk, uk), where Q and R are weighting matrices, and f is the manipulator’s 

discrete-time dynamics model. 

Latency and Distortion Mitigation   

• Predictive algorithms compensate for communication delays.   

• Case Study: FIR filters in robotic arms to preprocess reference trajectories, minimizing 

jerk. 

 

Noise Reduction and Error Compensation   

Adaptive filtering 

The Least Mean Squares (LMS) algorithm updates filter weights to minimize noise: 

w(n + 1) = w(n) + μ ∙ e(n) ∙ x(n), 

where w are the filter coefficients, μ is the step size, e(n) is the error signal, and x(n) is the input 

vector. 

 

Wavelet Denoising 

A noisy signal y(t) is decomposed into wavelet coefficients W(a,b): 

W(a, b) =
1

√a
∫ y(t)ψ (

t − b

a
) dt

∞

−∞

, 

where ψ is the mother wavelet, and a, b are scale and translation parameters. Thresholding these 

coefficients removes high-frequency noise. 

 

Dynamics and Kinematics 

Euler-Lagrange Dynamics 

The motion of a manipulator with n joints is governed by: 

M(q)q̈ + C(q, q̇)q̇ + G(q) = τ 

where q is the joint angle vector, M is the inertia matrix, C captures Coriolis/centrifugal 

forces, G is gravity, and τ is the torque input. 

 

Jacobian-Based Velocity Control 

The end-effector velocity ẋ relates to joint velocities via: 

ẋ = J(q)q̇, 

where J is the manipulator Jacobian. Inverse kinematics uses q̇ = J†ẋ, with J† as the 

pseudoinverse. 
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Case Study: Kalman Filtering for Sensor Fusion 

A Kalman filter combines encoder and IMU data for joint state estimation: 

1. Prediction Step: 

x̂k|k−1 = Fxx̂k−1|k−1 + Bkuk, 

Pk|k−1 = FkPk−1|k−1Fk
T + Qk, 

where Fk is the state transition matrix and Qk is process noise. 

 

2. Update Step: 

Kk = Pk|k−1Hk
T(HkPk|k−1Hk

T + Rk)
−1, 

x̂k|k = x̂k|k−1 + Kk(zk − Hkx̂k|k−1), 

where Hk is the observation matrix and Rk is measurement noise. 

 

Conclusion   

Signal processing is essential for robot manipulators, as it addresses issues such as noise, latency, 

and dynamic control. Advances in artificial intelligence and hardware are expected to further 

improve their capabilities. Future research should concentrate on developing energy-efficient 

algorithms and enhancing robustness in unstructured environments. Mathematical models, 

including the Euler-Lagrange equations, PID control, and Kalman filtering, form the foundation 

of signal processing in manipulators. There is potential for future work to integrate these models 

with machine learning techniques to enable adaptive parameter tuning. 
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