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(a) (b) (c) 

Figure 28. Experimental deburring results for multifaceted edges of automobile steering booster
housing: (a) top facet; (b) distal side facet; (c) proximal side facet.

 

Figure 29. Experimental deburring results of target planning path and actual tool path of top facet.

 

Figure 30. Experimental deburring results of target planning path and actual tool path of distal
side facet.
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Figure 31. Experimental deburring results of target planning path and actual tool path of proximal
side facet.

 

Figure 32. Deviation results of target planning path and actual tool path of experimental deburring for
top facet.

 

Figure 33. Deviation results of target planning path and actual tool path of experimental deburring for
distal side facet.
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Figure 34. Deviation results of target planning path and actual tool path of experimental deburring for
proximal side facet.

 
(a) (b) 

Figure 35. Deviation results of target planning path and actual tool path of experimental
deburring for top facet (polar representation): (a) facet edges deburring deviation; (b) orifice edges
deburring deviation.

  
(a) (b) 

Figure 36. Deviation results of target planning path and actual tool path of experimental deburring
for distal side facet (polar representation): (a) facet edges deburring deviation; (b) orifice edges
deburring deviation.
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(a) (b) 

Figure 37. Deviation results of target planning path and actual tool path of experimental deburring
for proximal side facet (polar representation): (a) facet edges deburring deviation; (b) orifice edges
deburring deviation.

7. Conclusions

A new five-DOF hybrid robot manipulator and two experimental platforms were developed.
For this robot manipulator, a new robotic deburring methodology for robotic deburring tool path
planning and robotic deburring process parameter control was presented. The major contributions of
this article can be summarized as follows:

1. The design structure and the physical structure of the robot manipulator for the original
experimental platform and the improved one were developed, and the property characterizations
of the dexterous manipulation reachability and the superior deburring capability in one setup
were demonstrated. The robot manipulator can provide a good solution for the selection of the
manufacturing equipment, such as deburring of the complex shaped parts.

2. A robotic deburring tool path planning method was proposed for the robotic deburring tool
location (position and orientation) planning and the robotic layered deburring planning. Also,
a robotic deburring process parameter control method based on fuzzy control for the robotic
deburring was proposed, which represents the optimization property, convenience, simplicity,
and implementation with automatic-online errors correction. These methods can be extended to
handle similar problems for other types of the robot manipulators.

3. A dexterous manipulation experiment was conducted to verify the dexterous manipulation and
the orientation reachability of the robot manipulator, especially the dexterous manipulation
of a certain processing point. Furthermore, two robotic deburring experiments, i.e., a disc
deburring experiment of an automobile hub and a multifaceted edges deburring experiment of
an automobile steering booster housing, were conducted on the experimental platforms, and the
effectiveness of the two proposed methods was verified, and the highly efficient and dexterous
manipulation and deburring capacity of the robot manipulator for multifaceted deburring in one
setup was also fully demonstrated.

In future work, several meaningful attempts need to be carried out, such as offline path correction,
compensation for vibrations and/or chattering, backlash of ball screws and robot manipulator structural
deformations, suppression for high frequency oscillations, and structural rigidity improvement
of the robot manipulator. The two proposed methods are expected to provide some insight into
the foundational aspects of robotic deburring tool path planning and robotic deburring process
parameter control.

280



Appl. Sci. 2019, 9, 2033

Author Contributions: All authors contributed to the research work and have read and approved the
final manuscript.

Funding: This research was funded by Natural Science Basic Research Plan in Shaanxi Province of China
(No. 2019JQ-426), Fundamental Research Funds for the Central Universities (No. 300102258107, 300102259308,
300102259401, 300102258402, 300102258305, 300103190365, 300102258205), Shaanxi Science and Technology
Co-ordinated Innovation Project (No. 2016KTZDGY-02-03), Shaanxi International Science and Technology
Cooperation Project (No. 2019KW-015) and Xi’an Science and Technology Project for Talented Personnel Service
Enterprise in Colleges and Universities (No. 2017088CG/RC051(CADX001)).

Acknowledgments: Thanks to Mingrui Lv, Yafu Tian, Xiangjin Bu, Lianzheng Ge, Chongyang Wu, Chuqing Cao
and Xunwei Tong for their help in the discussion and writing of the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Iglesias, I.; Ares, J.E.; Gonzalez-Gaya, C.; Morales, F.; Rosales, V.F. Predictive Methodology for Dimensional
Path Precision in Robotic Machining Operations. IEEE Access 2018, 6, 49217–49223. [CrossRef]

2. Roveda, L.; Pedrocchi, N.; Vicentini, F.; Tosatti, L.M. Industrial compliant robot bases in interaction tasks:
A force tracking algorithm with coupled dynamics compensation Operations. Robotica 2017, 35, 1732–1746.
[CrossRef]

3. Robla-Gomez, S.; Becerra, V.M.; Llata, J.R.; Gonzalez-Sarabia, E.; Torre-Ferrero, C.; Perez-Oria, J. Working
Together A Review on Safe Human-Robot Collaboration in Industrial Environments. IEEE Access 2017, 5,
26754–26773. [CrossRef]

4. Stipancic, T.; Jerbic, B.; Curkovic, P. A context-aware approach in realization of socially intelligent industrial
robots. IEEE Access 2016, 37, 79–89. [CrossRef]

5. Heydaryan, S.; Bedolla, J.S.; Belingardi, G. Safety Design and Development of a Human-Robot Collaboration
Assembly Process in the Automotive Industry. Appl. Sci. 2018, 8, 344. [CrossRef]

6. Ruppert, T.; Jasko, S.; Holczinger, T.; Abonyi, J. Enabling Technologies for Operator 4.0: A Survey. Appl. Sci.
2018, 8, 1650. [CrossRef]

7. Chen, Y.; Dong, F. Robot machining: Recent development and future research issues. Int. J. Adv. Manuf.
Technol. 2013, 66, 1489–1497. [CrossRef]

8. Lai, C.Y.; Chavez, D.E.V.; Ding, S. Transformable parallel-serial manipulator for robotic machining. Int. J.
Adv. Manuf. Technol. 2018, 97, 2987–2996. [CrossRef]

9. Barnfather, J.D.; Abram, T. Efficient compensation of dimensional errors in robotic machining using imperfect
point cloud part inspection data. Measurement 2018, 117, 176–185. [CrossRef]

10. Mousavi, S.; Gagnol, V.; Bouzgarrou, B.C.; Ray, P. Dynamic modeling and stability prediction in robotic
machining. Int. J. Adv. Manuf. Technol. 2017, 88, 3053–3065. [CrossRef]

11. Barnfather, J.D.; Goodfellow, M.J.; Abram, T. A performance evaluation methodology for robotic machine
tools used in large volume manufacturing. Robot. Comput.-Integr. Manuf. 2016, 37, 49–56. [CrossRef]

12. Sabourin, L.; Subrin, K.; Cousturier, R.; Gogu, G.; Mezouar, Y. Redundancy-based optimization approach
to optimize robotic cell behaviour: Application to robotic machining. Ind. Robot Int. J. 2015, 42, 167–178.
[CrossRef]

13. Caesarendra, W.; Pappachan, B.K.; Wijaya, T.; Lee, D.; Tjahjowidodo, T.; Then, D.; Manyar, O.M. An AWS
Machine Learning-Based Indirect Monitoring Method for Deburring in Aerospace Industries Towards
Industry 4.0. Appl. Sci. 2018, 8, 2165. [CrossRef]

14. Pandiyan, V.; Caesarendra, W.; Tjahjowidodo, T.; Praveen, G. Predictive Modelling and Analysis of Process
Parameters on Material Removal Characteristics in Abrasive Belt Grinding Process. Appl. Sci. 2017, 7, 363.
[CrossRef]

15. Xie, F.; Liu, X.-J.; Wang, C. Design of a novel 3-DoF parallel kinematic mechanism: Type synthesis and
kinematic optimization. Robotica 2015, 33, 622–637. [CrossRef]

16. Cheng, Y.-M.; Peng, W.-X.; Hsu, A.-C. Concentric hole drilling in multiple planes for experimental
investigation of five-axis reconfigurable precision hybrid machine. Int. J. Adv. Manuf. Technol. 2015,
76, 1253–1262.

17. Sangveraphunsiri, V.; Chooprasird, K. Dynamics and control of a 5-DOF manipulator based on an H-4
parallel mechanism. Int. J. Adv. Manuf. Technol. 2011, 52, 343–364. [CrossRef]

281



Appl. Sci. 2019, 9, 2033

18. Altuzarra, O.; Martín, Y.S.; Amezua, E.; Hernández, A. Motion pattern analysis of parallel kinematic machines:
A case study. Robot. Comput.-Integr. Manuf. 2009, 25, 432–440. [CrossRef]

19. Wang, L.; Wu, J.; Li, T.; Wang, J.; Gao, G. A study on the dynamic characteristics of the 2-dof redundant
parallel manipulator of a hybrid machine tool. Int. J. Robot. Autom. 2015, 30, 184–191. [CrossRef]

20. Wang, L.; Wu, J.; Wang, J.; You, Z. An experimental study of a redundantly actuated parallel manipulator for
a 5-DOF hybrid machine tool. IEEE/ASME Trans. Mech. 2009, 14, 72–81. [CrossRef]

21. Li, Q.; Wu, W.; Li, H.; Wu, C. A hybrid robot for friction stir welding. Proc. Inst. Mech. Eng. Part C J. Mech.
Eng. Sci. 2015, 229, 2639–2650. [CrossRef]

22. Zoppi, M.; Zlatanov, D.; Molfino, R. Kinematics analysis of the Exechon tripod. In Proceedings of the
ASME 2010 International Design Engineering Technical Conferences and Computers and Information in
Engineering Conference, Montreal, QC, Canada, 15–18 August 2010; pp. 1381–1388.

23. Niknam, S.A.; Davoodi, B.; Paulo Davim, J.; Songmene, V. Mechanical deburring and edge-finishing processes
for aluminum parts—A review. Int. J. Adv. Manuf. Technol. 2018, 95, 1101–1125. [CrossRef]

24. Niknam, S.A.; Songmene, V. Milling burr formation, modeling and control: A review. Proc. Inst. Mech. Eng.
Part B J. Eng. Manuf. 2015, 229, 893–909. [CrossRef]

25. Burghardt, A.; Szybicki, D.; Kurc, K.; Muszynska, M.; Mucha, J. Experimental Study of Inconel 718 Surface
Treatment by Edge Robotic Deburring with Force Control. Strength Mater. 2017, 49, 594–604. [CrossRef]

26. Villagrossi, E.; Cenati, C.; Pedrocchi, N.; Beschi, M.; Tosatti, L.M. Flexible robot-based cast iron deburring cell
for small batch production using single-point laser sensor. Int. J. Adv. Manuf. Technol. 2017, 92, 1425–1438.
[CrossRef]
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