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Abstract. Soft Robotic Pad (SRP), as a new class of soft pneumatic actuator
(SPA), is a two-dimensional pad-like SPA that can be programmed to achieve
different surface morphing. Recently, the successful fabrication has proven the
feasibility of functional SRPs. However, there are issues to be solved so that the
SRP can withstand high pressure for practical applications. This paper, based on
the first version of the SRP fabrication method, presents some modifications in
the method and discusses their pros and cons. Firstly, the incorporation of
stiffness customization and patterning method into the SRP fabrication not only
simplifies the SRP morphing design, but also makes many morphing modalities
possible. Furthermore, the use of larger carbon-fiber rods and the channel filling
process improve the SRP strength, which qualifies them to many applications.
As an envisioning step, we presents a design of a wearable assistive SRP for
elbow flexion. With this fabrication method, the SRP with its unique shape and
morphing capabilities has great potential in wearable robotics especially for
human joint rehabilitation.

1 Introduction

Silicone based soft pneumatic actuator (SPA), as a signature genre of soft robotics, has
been prevailing for a few years [1-5]. Recent developments in fabrication have
diversified the SPAs in many ways [4, 6-9]. Despite the diversification, one common
feature in the existing SPAs is that they mostly shaped like one straight silicone rod,
regardless of their fabrication methods. This one-dimensional design is favored as it is
easy to fabricate. However, there are limitations: monotonous motion types due to lack
of dimension, and poor force stability because of the low torsion resistance [10].
Recently, two-dimensional flat-shaped SPA in flat shape has emerged in concomi-
tant with certain applications [5, 11-13], however, they are mostly the combination of
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one-dimensional SPAs. The true two-dimensional SPA, termed as soft robotic pad
(SRP), was developed in [14] with a novel and well-designed fabrication processes.
Only silicone and cotton fiber were used and the fiber were arranged in different formats
to constrain the SRP thickness and program the 2D surface morphing. Three types of
SRPs were fabricated, bending, saddle and wrapping, to demonstrate the feasibility and
the flexibility of the fabrication technique.

However, the key issue is that the SRP sometimes breaks at very low pressure and
thus severely affects its application prospects. In this paper, we present some modifi-
cations in the fabrication processes and articulate the key benefits and some minor
drawbacks. Conclusively, the new fabrication simplifies the SRP motion design,
widens the size range up to 40 cm in one dimension and, most importantly, strengthen
the SRP by at least 30%. The new fabrication essentially facilitate the utilization of
SRP in many applications, especially wearable assistive devices. As a demonstration,
we also present a design of a wearable SRP for elbow flexion assist.

2 Improved Fabrication of Soft Robotic Pad

Compared to the previous fabrication method [14], we adopt a method called stiffness
customization and patterning (SCP) [9] which is to adhere patterned fabric sheets to the
top and bottom surface of the SRP to for motion program. This method not only
considerably simplifies the application of the surface constraint, but also makes the
motion diversification indeed achievable. In addition, we utilize laser cutting to prepare
the patterned fabric sheets.
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Fig. 1. Improved SRP fabrication. a:mold preparation, b:first layer molding, c:second layer
molding, d:halfway SRP after demolding, e:channel filling process, f:final SRP after wall sealing.
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As reported in [14], the SRP from the old fabrication suffers from low breaking
pressure due to the channel inflation and fiber detachment. To address these issues, our
solution is to utilize thicker CF rod (3 x 3 mmz) instead of the thin one (@1 mm).
Using larger CF rod makes the winding frame stronger and supports longer fiber
winding (up to 40 cm). During the fabrication, an addition step is needed after the
removal of the CF rod which is to fill the channel with fresh silicone. After the curing
process, the channels are finally eliminated and the SRP strength can be improved by
30% according to our failure tests. Figure 1 illustrates the new fabrication technique
that includes all the modifications.

With the utilization of larger CF rod, the fabrication becomes more tedious because
of the time-consuming channel filling process. Another drawback is that the final
thickness of the SRPs becomes slightly thicker. However, overall, the benefits of the
new fabrication surly outweighs the drawbacks.

3 Design of a Soft Assistive Device for Elbow Flexion

Figure 2 shows the components (top) and final assembly (bottom) of the device. Similar
to other SRPs, this elbow-assisting SRP also features a long thin silicone body with a
through-all air chamber, vertical fiber matrix for thickness constraint, a non-patterned
fabric to constrain the top surface and a patterned fabric to generate the desirable SRP
motion as the combination with the top surface constraint. From the bottom fabric pattern,
we can see that, at the two ends, the SRP can curl up, which is consciously designed with
the purpose of securing the upper arm and forearm during actuation. On the other hand,
the major bending in the middle will assist the actual elbow flexion motion. Moreover, the
through-all chamber in the SRP can achieve an entire-body stiffening during actuation so
that the bending of the SRP can be achieved without collapsing, and the force can be
effectively applied onto the upper arm and the forearm. With this SRP, we can achieve
multi-motion in one body for a more effective assist.
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Fig. 2. Design of a wearable assistive SRP for elbow flexion.
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4 Conclusion

This paper presents the improved SRP fabrication method with some modifications to
the previous fabrication processes: using patterned fabric for surface constraint, using
larger CF rods and an additional channel filling process. The pros and cons of the
modification has been discussed and, conclusively, the pros outweigh the cons as the
modifications simplify the SRP motion programming, support larger SRP size and most
importantly enable the SRPs to withstand higher pressure.

Acknowledgment. Research supported by MOE Tier 2 Grant (R-397-000-281-112) awarded to
Dr. Chen Hua Yeow. The authors would like to thank NUS Graduate School for Integrative
Sciences and Engineering for providing scholarship to support Yi Sun’s Ph.D. study.

References

1. Ilievski, F., Mazzeo, A.D., Shepherd, R.F., Chen, X., Whitesides, G.M.: Soft robotics for
chemists. Angew. Chem. 123(8), 1930-1935 (2011)

2. Shepherd, R.F., Ilievski, F., Choi, W., Morin, S.A., Stokes, A.A., Mazzeo, A.D., Chen, X.,
Wang, M., Whitesides, G.M.: Multigait soft robot. Proc. Natl. Acad. Sci. 108(51), 20400—
20403 (2011)

3. Sun, Y., Song, Y.S., Paik, J.: Characterization of silicone rubber based soft pneumatic
actuators. In: 2013 IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS), pp. 4446-4453. IEEE (2013)

4. Rus, D., Tolley, M.T.: Design, fabrication and control of soft robots. Nature 521(7553),
467-475 (2015)

5. Roche, E.T., Horvath, M.A., Wamala, 1., Alazmani, A., Song, S.E., Whyte, W., Machaidze,
Z., Payne, C.J., Weaver, J.C., Fishbein, G., et al.: Soft robotic sleeve supports heart function.
Sci. Transl. Med. 9(373), eaaf3925 (2017)

6. Sun, Y., Song, S., Liang, X., Ren, H.: A miniature soft robotic manipulator based on novel
fabrication methods. IEEE Robot. Autom. Lett. 1(2), 617-623 (2016)

7. Liang, X., Sun, Y., Ren, H.: A flexible fabrication approach toward the shape engineering of
microscale soft pneumatic actuators. IEEE Robot. Autom. Lett. 2(1), 165-170 (2017)

8. Polygerinos, P., Wang, Z., Overvelde, J.T., Galloway, K.C., Wood, R.J., Bertoldi, K.,
Walsh, C.J.: Modeling of soft fiber-reinforced bending actuators. IEEE Trans. Robot. 31(3),
778-789 (2015)

9. Sun, Y., Yap, HK., Liang, X., Guo, J., Qi, P., Ang Jr., M.H., Yeow, C.-H.: Stiffness
customization and patterning for property modulation of silicone-based soft pneumatic
actuators. Soft Robot. 4(3), 251-260 (2017)

10. Sun, Y., Liang, X., Yap, H.K., Cao, J., Ang, M.H., Yeow, C.-H.: Force measurement
towards the instability theory of soft pneumatic actuators. IEEE Robot. Autom. Lett. 2, 985—
992 (2017)

11. Park, Y.L., Chen, B.R., Majidi, C., Wood, R.J., Nagpal, R., Goldfield, E.: Active modular
elastomer sleeve for soft wearable assistance robots. In: 2012 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS), pp. 1595-1602. IEEE (2012)

12. Robertson, M.A., Sadeghi, H., Florez, J.M., Paik, J.: Soft pneumatic actuator fascicles for
high force and reliability. Soft Robot. 4, 23-32 (2016)



Improved Fabrication of Soft Robotic Pad 405

13. Wirekoh, J., Park, Y.-L.: Design of flat pneumatic artificial muscles. Smart Mater. Struct. 26
(2016)

14. Sun, Y., Guo, J., Miller-Jackson, T.M., Liang, X., Ang, M.H., Yeow, R.C.H.: Design and
fabrication of a shape-morphing soft pneumatic actuator: soft robotic pad. In: 2017
IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), pp. 6214—
6220. IEEE (2017)



	Improved Fabrication of Soft Robotic Pad for Wearable Assistive Devices
	Abstract
	1 Introduction
	2 Improved Fabrication of Soft Robotic Pad
	3 Design of a Soft Assistive Device for Elbow Flexion
	4 Conclusion
	Acknowledgment
	References




