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Introduction

Robotic Deformable Object Manipulation (DOM) is a currently active research topic, highly relevant in
industrial, surgical, and domestic settings. We consider one or more robots firmly grasping a deformable
object (DO) at arbitrary locations. Given the current DO configuration g(0) € R" and the corresponding
output z = h(q) € R™, we seek the robot control inputs u(z) € R™ (i.e., the gripper motions) required
to reach a desired output state z,(t¢) = h(q,(tr)), where time ¢ € [0,17]. Previously [1], we proposed
a pure feedback-based and model-free solution using online Jacobian estimation. This relies on several
assumptions, such as quasi-static manipulations, continuous feedback from cameras (often hindered by
occlusions) and, ideally, persistent excitations in all input directions. To alleviate these limitations, this
work explores incorporating model-based knowledge into manipulation algorithms. In [5], the DOM
task is formulated as a trajectory optimization problem: the trajectory to follow g,() is not known a
priori but determined and optimized together with the control inputs u(7). In contrast, we consider a two-
stage approach: first, a planner generates a desired trajectory z,(¢); second, a trajectory tracker computes
the control inputs u(¢) such that the object deforms as prescribed. The rationale is that sampling-based
planners used in robotics (e.g., RRTs, see [4]) are usually more efficient at avoiding local minima than
optimization-based methods. This work addresses the second stage: we consider z;(¢) as given in order
to focus on trajectory tracking, which we propose to tackle via inverse dynamics and the servo-constraints
approach. We specifically consider cables manipulation, as illustrated by two examples in Fig. 1.

Methodology
For the sake of generality, we model cables as flexible multibody systems, so that the equations of motion
take the form of differential-algebraic equations:

g=c(q,v) (1)
M(q)v+ f(q.v.t)+G" (9)A = Bu )
8(q) = 0,1 3)

where v € R™ is the velocity vector, f € R™ gathers internal and inertia forces, g € R"s is the vector
of kinematic constraints with gradient matrix G € R"s*"s, M € R"s*" is the mass matrix, A € R"s are
the Lagrange multipliers, and B € R"+*" is the input distribution matrix. Equation (1) represents the
kinematic compatibility condition.

As detailed in [2], various model inversion methods exist. For instance, the well-known computed torque
method is an obvious choice to solve inverse dynamics problems in robotics. However, this is restricted
to fully-actuated systems, while DOM is fundamentally heavily underactuated. Therefore, we investigate
two alternative directions. The first approach is to use optimal control (OC) methods: minimize a cost
function representing the tracking error over the full trajectory, for instance:

min [ (h() ~2)" (hig) ~z)ds )

u

with Eqgs. (1)-(3) acting as constraints to the optimization problem. The second approach, also explored
in [2, 3], is to supplement Eqgs. (1)-(3) by the so-called servo-constraints (SC)

h(q(t)) —za(t) = 2(1) —2a(1) = O (5)

Equations (1)-(3),(5) are solved to determine the feedforward control input u(z). Note that, as shown
in [3], the approach can be extended to the case where g does not belong to a vector space but includes
elements of SE(3), for instance.
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Figure 1: (a) Robotic cable manipulation in 2D. The position of the grey dots on the cable constitute
the output z(¢). The desired trajectory of two of them is illustrated by z}i(t) and zfl (t). (b) Conceptual
representation of a 3D task: two grippers (in green and red) must remove a cable from a hook (in black)
by controlling a point to follow the trajectory z4(t).

A first research question addressed in this work concerns the choice of appropriate output mappings h(q).
For instance, one could use a set of discrete points (as in Fig. 1(a)) or frames distributed on the object
(both leading to high n;), or discrete strain values (leading to lower ;).

Secondly, we apply the trajectory tracking approaches to DOM. The SC method is simple and compu-
tationally efficient. However, it requires n, = n,, which is hard to satisfy in this context. For instance,
representing a cable using the position of multiple points [1] leads to n, > n,,. Furthermore, z,() should
not conflict with the kinematic constraints (3) nor impose conflicting motions (e.g., z}j(t) and ztzi(t) must
be simultaneously feasible in Fig. 1(a)) [2]. However, standard DOM planners frequently employ sim-
plified models that address only the geometric problem. They may also ignore the control authority the
robot has on the object’s shape (which is grasp-dependent). This means that the error can not always be
effectively reduced to zero. While OC handles these discrepancies by finding a "best-fit" solution that
minimizes the cost function, standard SC methods may fail to return any solution. To resolve this, we pro-
pose to modify the SC with a projection operator P € R™*" such that they become P (z(t) —z4(t)) = 0.
By projecting the tracking error into a lower space, we ignore the orthogonal components of the error
that the system cannot physically correct or which might require unbounded control inputs. This modi-
fication allows for better workflows combining the inversion method and higher-level planning tools. It
also provides more flexibility in the representation of the object, allowing n,, > n,.

In summary, our contributions include: (i) applying the SC method to robotic DOM, (ii) proposing a
modification of the servo constraints by introducing a projection operator, (iii) comparing inverse dy-
namics results obtained with the modified SC against OC solutions in practical cable manipulation tasks.
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