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Fig.1 Secondary decomposition of the overall function of
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Design and Analysis of a Large Casting and Forging Grinding Robot
LIU Yi'?, FENG Zonggiang”" , MAO Chongbo®, HAN Weida®, YANG Changan®, MA Qifan’

(1.School of Mechanical Engineering, Hebei University of Technology, Tianjin 300130, China;
2.Laboratory of Parallel Robotics and Mechatronic Systems in Hebei Province, Yanshan University, Qinhuangdao 066004, China)
Abstract:

Objective The demand for automated surface grinding of large castings and forgings continues to increase with production scale and quality re-
quirements. Conventional grinding robot systems, while functional, present significant limitations: large spatial footprint, poor adaptability to di-
verse workpiece sizes and shapes, and high investment and maintenance costs. These constraints hinder their application in space- and cost-
sensitive manufacturing. Therefore, this research introduces a truss-based hybrid grinding robot system that combines a wide operational reach
with a compact layout, ensures high stiffness at the grinding head for precision, and adapts to varied workpiece sizes and complex geometries.

The study presents an innovative structural configuration, a complete theoretical framework, and simulation-based validation, making contribu-
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tions to industrial robotic grinding.

Methods The design process started with functional decomposition, including omnidirectional mobility, an extendable and retractable structure
for large workpieces, a high-reach manipulator for complex positioning, and a grinding end-effector that maintained constant contact force over
varying surfaces. The system integrated: 1) an omnidirectional mobile platform that allowed free movement without reorientation constraints; 2) a
truss-type folding structure that provided a deployable framework expanding the workspace while minimizing the idle footprint; 3) a serial ro-
botic arm that offered large reach and positioning flexibility; and 4) a parallel adaptive grinding head, a passive parallel mechanism with pneu-
matic damping that ensured constant-force compliance and high stiffness. The serial arm and parallel head were modeled as an equivalent eight-
DOF hybrid mechanism, combining the stiffness and load capacity of parallel kinematics with the reach of serial designs. Forward and inverse ki-
nematics were developed using the Denavit—Hartenberg (D—H) method to map joint space to Cartesian space. The workspace of the system and
the single-arm grinding range were analyzed to define operational limits and optimal deployment. The passive parallel head was modeled sepa-
rately using the vector method to assess the workspace under fixed arm postures, which enabled optimization of adaptability without affecting po-
sitioning. For constant-force grinding, mechanical and pneumatic conditions for adaptive drive joint adjustment under varying end-loads were ex-
amined. Pneumatic damping was optimized so that variations on the constant-pressure side yielded stable trends on the floating side, ensuring
surface-contact stability. For energy efficiency, the hybrid arm’s kinematic model derived joint velocities and accelerations during grinding tasks.
An energy consumption function was formulated with total arm power as the optimization objective. Case studies of linear grinding evaluated
power patterns. Finally, the design and models were validated through an ADAMS virtual prototype that simulated realistic motions to verify kine-
matics, workspace, constant-force behavior, and energy use.

Results and Discussions Workspace analysis confirmed that the truss-folding structure greatly extended the operational range without a propor-
tional increase in footprint, enabling grinding of large and irregular workpieces. For single-arm operation, the reachable range was quantified, sup-
porting task allocation in dual-arm setups. The passive parallel head maintained stable floating-end pressure under constant-force control, validat-
ing pneumatic optimization and ensuring consistent surface contact for uniform removal and finish. Simulations confirmed the kinematic accu-
racy of the serial and parallel subsystems, with minimal deviation between theoretical and simulated outcomes. The hybrid model achieved the in-
tended stiffness and reach. Energy analysis demonstrated that spiral grinding trajectories consumed more power than serpentine paths in straight-
line grinding, which highlighted the impact of trajectory on energy usage and provided guidance for task planning. The omnidirectional base en-
abled rapid repositioning between zones, reducing idle time and improving coverage. The truss-folding design enhanced adaptability when shift-
ing between large flats and contoured areas without requiring full disassembly or repositioning.

Conclusions The truss-based hybrid grinding robot integrates the advantages of parallel and serial configurations, delivering high stiffness and
wide coverage. The folding truss design accommodates large workpieces while maintaining a compact footprint when not in operation. Complete
kinematic, workspace, energy, and pneumatic control models were validated through simulation. The system adapts to varying sizes and shapes
while ensuring precision and surface quality. In addition, the modeling framework is transferable to other hybrid robotic designs. In practice, this
approach enhances productivity, reduces labor demands, and improves quality consistency in large-scale surface finishing. Key innovations in-
clude the following: eight-DOF hybrid mechanism modeling of a passive parallel head and serial arm as a unified analytical framework; pneu-
matic damping optimization for stable floating-end pressure under varying inputs, advancing constant-force compliance in grinding; integration of
truss-folding structures into mobile robots to achieve large workspaces with minimal idle footprint; and trajectory-dependent energy consumption
analysis that informs energy-efficient path planning. The research contributes both a practical robotic design and analytical tools applicable to
various automated manufacturing processes involving large and complex workpieces.

Keywords: large castings and forgings; polishing robot; kinematic analysis; adaptive control; trajectory optimization
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