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thus activation of certain contacts constrains what forces the

hand can impart onto the object. This phenomena creates the

abstraction of modes, which can be conceptualized as different

families of motion manifolds that are subject to the system’s

current set of constraints–typically in the form of gaining

or losing contacts. Multi-modal planning within and between

these constraints thus becomes a major focus of this work.

We in this work can constrain our planning approach

according to the nature of the task. Formally, any orientation in

SO(3) can be achieved via a three action trajectory comprised

of two orthogonal rotations. From this formulation, we design

two core modal actions for the hand and a multi-modal planner

that runs online and is constantly updated via a vision-based,

low-latency 6D pose object tracker [10], [11]. This method

continually calculates a trajectory from start to goal and when

undesired scenarios arise, such as contact slip, the planner

updates and suggests new actions accordingly. We incorporate

this approach into an open-source and underactuated hand with

four fingers [12]. In the end, we showcase the efficacy of

our system through various experiments: tracking the planned

and executed trajectory of an object, evaluating the recovery

potential given undesired perturbations, and finally, the ability

to extend to novel object geometries.

The contributions in this letter are threefold. First, we

develop a complete and fast planning solution for in-hand

reorientation using two extrinsic rotation axes. Secondly, we

describe the utility of compliance for switching between

modes and how it “inflates” the contact switching region. And,

finally, we present a simple yet effective robot system capable

of complex finger gaiting capabilities, underscoring continued

discussion in the community on the utility of compliance for

in-hand manipulation tasks.

II. RELATED WORK

1) Modeling Manipulation: Modeling robot manipulation

has historically been arduous as the dynamics associated with

contact are difficult to predict in novel scenarios. From an

in-hand manipulation perspective, various levels of model-

ing have been investigated – from contact models [13] and

fingerpad curvature models [14], to hand kinematic models

and whole hand-object system models [15]. While these

approaches have elucidated many powerful hand-object rela-

tionships, inaccurate parameterizations can often lead to task

failure [16]. To help alleviate such uncertainty, several end

effectors leverage designs that are soft or underactuated [17].

This property provides passive reconfigurability to the mech-

anism, which can absorb much of the “slack” traditionally

required to be fully accounted for in system modeling and can

further reduce grasp planning times [18], [19]. In this work,

we leverage such mechanisms to unify our planning approach–

creating the notion of safe regions for contact switching.

2) Extending In-hand Manipulation Capabilities: Models

for in-hand manipulation are typically constrained to fixed or

rolling contact scenarios. While this advantageously simplifies

assumptions for control, it also limits the object’s available

workspace to be dependent on the kinematic topology of

the hand. Without relying on external contact, e.g, [20], or

task-specific hands with roller-based fingers, e.g [21], two

general approaches can help alleviate such constraint: sliding

manipulation and finger gaiting. Leveraging the former is very

difficult, as detecting and controlling its nonlinear conditions

requires various levels of advanced sensing [22], [23]. The

latter, alternatively, has been largely difficult due to computa-

tional considerations, but has been made more successful in

recent years [24], [6]. The work in [25] used finger gaits and

tactile sensors to maintain grasp stability. [7] used a 24-DOF

hand with a motion capture system, in addition to “over 100

years” of simulated data to perform impressive and fast cube

manipulation in the palm. [8] leveraged the capabilities of a

soft hand with 16 degrees of actuation for similar types of ma-

nipulation. While as impressive as these aforementioned works

are, we are interested in extending beyond these capabilities to

work against gravity, i.e. maintaining object stability without

a support surface, and while utilizing a simple hand with very

little onboard sensing.

3) Multi-Modal Planning for Manipulation: Problems in

robot manipulation are frequently multi-modal, i.e. the seem-

ingly continuous problems have an underlying discrete struc-

ture guided by constraints [26]. These constraints are typically

imposed by the nature of contact, and by discretizing planning

in terms of these manifolds, the planner search space is

confined according to physical constraints [27]. Numerous

sampling-based multi-modal planners have been described in

the literature, which are able to generalize well, particularly in

high-DOF scenarios. Though, sampling-based methods with-

out informed exploration are vastly inefficient and suffer from

time-complexities associated with over-exploration. Recent

work has attempted to address this issue by using informed

“leads” to guide exploration [28]. In our work, we build

off these observations and constrain our planner’s search

according to physical properties of the SO(3) rotation group.

That is, our developed planner constrains the number and

nature of mode switching to reduce planning time for continual

updates during online execution.

III. PRELIMINARIES

In this section, we introduce the preliminaries associated

with multi-modal motion planning. We first discuss con-

strained manifolds and then develop notation and terminology

for modal switching leveraging compliance.

A. Constrained Within-Mode Planning

Consider a robot with configuration space, Q ⊂ R
N , where

N is the number of joints and where Q can completely

define the state of the robot. Now, consider an object with

configuration space, O ⊂ SE(3), which is located on a

support surface, e.g. table top. For simplicity, let’s disregard

other potential collisions in the environment. In free space, the

current robot configuration, q ∈ Q, is unconstrained and thus

able to freely move. Though, when q causes links of the robot

to come in contact with the object in its current configuration,

o ∈ O, a constraint is imposed on the system. The robot cannot

push the object through the support surface. If, for instance,

the goal of the robot is to slide the object along its support

surface, the robot’s motion is thus constrained to a contact

configuration manifold, M (Fig. 2(a)).
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quite as robust as the other objects. We provide benchmarking

baselines for our experimentation in Fig. 11 according to

guidelines outlined [33]. Please refer to the supplementary

video for experimental evaluations.

VIII. DISCUSSIONS AND FUTURE WORK

In this work, we developed a robust and complete solution to

SO(3) finger gait planning. While instantiated on an underac-

tuated hand in this work, the methods described can generalize

to other hand-object systems. We showcased our method with

numerous tasks–highlighting the safety of our modes, the

repeatability of our trajectories, the robustness of our planning

and control approach, and our ability to generalize to new

object scenarios. This work builds on a promising approach of

vision-based control for compliant within-hand manipulation.

The tasks completed in this letter extend beyond what has been

possible in previous works.

Although we showcase novel capabilities, there are some

limitations. First, hand design plays a crucial role in our

manipulation capabilities. We conceptualize an altered hand

that would enable rotation about the y−axis, thus shortening

trajectories. While our method may have relied less on data

and/or advanced sensing, we note that our manipulation ac-

tions were significantly slower than some other related works

[7], [8]. Moreover, we discuss the “inflation” parameter ρ quite

extensively, which begs for further theoretical investigation. To

this end, the development of geometry-focused modal actions

and transitions is an interesting avenue. Lastly, the current

tracking schema requires an object CAD model for training.

We are interested in combining object-agnostic tracking meth-

ods [34] together with the current object-agnostic controller for

instant application to novel objects.
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