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Motivation Continuum Segment Compliance Modeling

* Industrial workers often perform manufacturing . The Lie group formulation we use for modeling the = s

or service tasks In tight spaces. N~ i P | robot kinematics/statics [3] enables computing the = —%—Defloction ervr
- - - - - : : , . . . . — D 0mputation tune
» Cooperative manufacturing in confined spaces 2 S=4g ? ‘ . continuum segment compliance matrix in closed

demands cooperation modes and levels of St TR | \ J form from the principle of virtual work.
dexterity, sensing, and safety that exceed - il ' « Changing the modal function order allows for
capabilities of existing robotic systems. . ey trade-off between computation time and model A S A A

+ Goal: Develop and validate new technologies ' accuracy to be made. ” Number of modal coefficients
Including associated control, sensing and
planning to enable cooperative manipulation in
confined spaces.
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lllustrative example of a cooperative robot Compliance definition: Hessian external wrench
assisting a human user in a manufacturing

Joint-level

operation in a confined space.

Scientific Merit:

Introduce a new architecture of In-Situ Collaborative Robots (ISCR) in confined spaces.
Facilitate physical interaction between the user and the robot using the robot’s flexibility,
contact sensing and localization, and proximity measurements along body.

Modeling, compliant motion control, and planning with contact for ISCRSs.
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Development of an approach for multi-point interaction between the user and the robot.

| | Shape Sensing with General String Encoder Routing [4,5]
Manipulator Design
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T ' sensing skin U\~ Avg. (Max) Absolute Position (mm) and Orientation Errors (°),
o specified for the end disk (s = L) and the 3™ disk (s = s3)
« We present a kinematic model to solve for the Fnd Disk | Third Disk Constant
deflected continuum segment shape using general Routing Routing Curvature
q} ¢ string encoder routing and show how optimize (L), mas 5.9 (14.4) 6.0 (13.8) | 56.2 (104.9)
string routings to reduce sensing error. De(53), max (pe(s: 3.8 (10.2) 3.3 (9.2) 31.8 (58.6)
XN 7N Experimental validation shows mean and max end ;_ ax (6, 1.5 (8.6) 1.5 (3.9) 3.6 (14.4)
WA R T disk position error of 2.0% and 4.8% of arc length. (s3), max (0. (s: 2.0 (6.0) 1.6 (4.2) 15.4 (28.1)
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Design Features

« Passive and active safety

* Proximity and contact sensing )\ |

« Combined continuum and rigid link structure | Interleaving Graph Search and Trajectory

Graphical illustration of our algorithm for a planar

Manipulator Specifications Optimization for planning through bracing manipulator lifting a payload by bracing
Typically non-convex subset

« 11 DOF \ ) Low dimensional graph Graph search in low
* Appl’OX. 2 m reach 5 4 »_ = i ‘ " Fligge. | , search: Kinematically feasible dimensional joint

VR \ =\ trajectory in manipulator configuration space (shown
- 1.3 Kg payload at full reach Y ’ Sp—/ N tijZi[tSIy configuration space Decides what
] _A SR trajectory
Evaluation tasks v A = optimization Interleaved optimizations
- - - £ e £ . to run with
« Sanding, caulking, and pipe assembly. : : drivesthe | | High dimensional trajectory | | what seeds
: : graph searchf optimization: Dynamically
feasible, bounded torque |«
trajectory in state space (joint
angles and joint velocity)
Typically dynamics High dimensional
(derivatives) variables | trajectory optimization

for dynamic feasibility
(shown with red and
blue curves)

Variable Smooth Contact Model

Tunable contact model i.e. from relaxed (virtual force

Bota Systems Rokubi even when not in contact) to tight (contact force only
Force/Torque Sensors when in contact).
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Contact force Tunable parameters

Encoder ‘ .
Signals - & Contact Implicit Trajectory Optimization

} Simultaneous optimization of trajectory to reach the goal
and parameters of the contact model. We use SCvx
(Successive Convexification) to solve the optimization.
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Manipulator swinging to reach inside
Start configuration the wingbox with minimal joint torque

Teensy 3.6 oo e
Microcontroller Real-Tim
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8., X = E(X’ T) Manipulator
X(O) = x¢, X(1') € X0l dynamics

State contains ‘X(t)‘ < Xlim

arvaiogives T < Tiim, 7 €U

Bracing and sliding inside Climbing the step extrusion

Joint torques

the wingbox inside the wingbox
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