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Visual Shape Servoing of Deformable Objects: The Fundamentals

My aim in this brief work is to describe the vision-based shape servo-control problem of deformable objects manipulated by one or multiple robotic grippers. The basic formulation of this new type of sensor-guided manipulation task is presented, and a feedback shape controller is derived using a classical approach. Potential practical applications are given; suggestions about the future developments are provided.

I. INTRODUCTION

Over the past five years, I have witnessed an increasing interest in the design of sensor-guided methods to automatically control the shape of deformable objects with robotic systems. This shape control problem has many potential applications in growing fields, such as surgical robotics, automated food processing, garment industry, and home robotics, to name a few cases. I refer to this new type of feedback manipulation tasks as visual shape servoing, an approach that contrasts with standard (eye-in-hand) visual servoing-viz. à la Chaumette-in that the servo-loop is formulated in terms of the deformable shape of the object and not in terms of the robot/object rigid pose.

To explicitly servo-control shapes/deformations, a robotic system must continuously observe the object's configuration, typically with a 2D camera. Then, this feedback measurement is used for computing the robot's trajectory that actively deforms the object into a target shape. In [START_REF] Hirai | Indirect simultaneous positioning of deformable objects with multi-pinching fingers based on an uncertain model[END_REF], Hirai was the first to introduce a method to indirectly position deformable points of an object towards desired targets; this approach can only be used with objects with a well-defined texture or that use fiducial markers on its surface.

II. THE BASIC FORMULATION

Consider a static camera that continuously measures the object, whose shape is represented with the parametric con-

tour c(ρ) = [u(ρ), v(ρ)]
⊺ , for u, v as the image coordinates, and ρ = [0, 2π] as the parametric domain, see Fig. 1. Using this image profile, the vector of feedback shape features

y = f (c(ρ 1 ), c(ρ 2 ), . . . , c(ρ L )) (1) 
is computed, where f (•) denotes a known vector functional, and ρ i as a sample data point of the parameter ρ. The coordinates of y must characterise the shape/deformation features of the object. These represent the feedback-like signals to be servo-controlled by the system. Typical deformation features reported in the recent literature are e.g. curvatures, point and distances, centroids and areas, image moments, Fourier coefficients, line and angles.

To control the object's shape, the relation between the robot's displacements x = [r ⊺ 1 , . . . , r ⊺ M ] ⊺ , for r i as the ith robot position, and the contour c(ρ) must be determined first. This can be done by either identifying the full object model, or by computing local estimations of this physical relation. A common approach is to initially assume a coarse model c(ρ) ≈ g(x, θ, ρ) with variable parameters θ; then use sensor data (e.g. vision, force) to iteratively update θ and refine this physical model [START_REF] Navarro-Alarcon | Automatic 3D manipulation of soft objects by robotic arms with adaptive deformation model[END_REF]. The evolution of the features vector y is approximated by the (discrete-time) first-order system

y k+1 ≈ y k + f ′ (•)g ′ (•)∆x k = y k + J k ∆x k (2) 
for ∆x k as a vector of displacement changes, and J k as the Jacobian matrix. Given a desired shape c d (ρ), the target feature vector is computed as y = f (c d (ρ)). The required displacements ∆x k are solved using the classical approach

∆x k = -γJ + k (y k -y) (3) 
where γ > 0 is a feedback gain, and J + k denotes either an inverse matrix or a right/left pseudo-inverse matrix, depending on the dimensions of y and x.

This approach, however, assumes that c d (ρ) is a physically achievable contour that can be reached along a connected motion trajectory. Determining the feasibility of a target beforehand is currently an open research problem.
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 1 Fig. 1. The robotic system manipulating a deformable object.