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Abstract: A teleoperation system makes it possible for a user to interact with environments that are inaccessible to direct human contact, e.g., because of their constrained space or remoteness. Minimally invasive surgery (MIS) and space exploration are two examples where telerobotic operation is advantageous. Haptic feedback can improve task performance during both space and surgical teleoperation [Imaida et al., 2004], [Wagner and Howe, 2007].
The main goals of a master-slave teleoperation system (Fig. 1) are twofold: stability and transparency (the system’s ability to present undistorted dynamics of the environment to the human user). Current research on haptic teleoperation assumes ideal dynamics for the slave robot, i.e., a single mass (or a mass and a damper) model for it. Such an assumption is grossly violated in current space and surgical robots due to the presence of flexibility in the links, and flexibility, friction, backlash, and encoder quantization in the joints of the robots. Indeed, space robots are designed to be lightweight and compact for minimum liftoff cost and energy consumption during robot control, and therefore involve flexibility. Surgical robots have thin instruments for entering the patient’s body through ports for minimal invasiveness. As the surgical instruments become thinner (e.g., < 3 mm in pediatric surgery), the effect of tool flexibility becomes more crippling. Moreover, due to space limitations in MIS, actuation of a distal dexterous wrist is performed from outside the patient and propagated to the wrist through flexible cables, which introduce joint flexibility.
As a result of the above non-idealities and difficulties with sensing tip forces, today’s only commercial surgical system (the da Vinci system, Intuitive Surgical Inc., Sunnyvale, CA) stops short of restoring haptic feedback to the surgeon. Lack of haptic feedback increases the chance of damage to delicate tissue especially under degraded camera vision conditions. In the specific example of the da Vinci robot, to avoid joint compliance, tensions in the cable drives are high resulting in large friction in the instruments’ drive trains and therefore impeding instrument/tissue interaction estimation for haptic feedback to the user. Given the tradeoff between joint compliance and joint friction in cable drives, joint compliance should be addressed separately especially in lightweight robots that cannot accommodate large actuators (for overcoming drive friction).

In this paper, we systematically analyze transparency and stability limitations under robot link or joint flexibility and examine the added benefits offered by tip sensors during teleoperation with a flexible slave, and the cost-benefit tradeoffs of reducing or eliminating the effect of flexibility in haptic teleoperation.
First, it is shown that tip velocity (or position) feedback improves free-space position tracking under robot flexibility. Second, tip velocity feedback can improve hard-contact force tracking performance. Otherwise, force tracking response will be band-limited, impeding accurate reproduction of high-frequency haptic phenomena such as edges or surface textures. Third, during a hard contact task, tip velocity feedback can eliminate the transmission of robot flexibility to the user’s hand. Otherwise, transmission of robot flexibility to the user would limit the perception of hitting a hard object (such as bone) and the usefulness of haptic cues for soft-tissue stiffness discrimination.
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Fig. 1: A master-slave teleoperation system. The slave robot has link flexibility.
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