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Abstract

This article presents the development of an autonomous motion planning algorithm for a soft planar grasping
manipulator capable of grasp-and-place operations by encapsulation with uncertainty in the position and shape
of the object. The end effector of the soft manipulator is fabricated in one piece without weakening seams using
lost-wax casting instead of the commonly used multilayer lamination process. The soft manipulation system can
grasp randomly positioned objects within its reachable envelope and move them to a desired location without
human intervention. The autonomous planning system leverages the compliance and continuum bending of the
soft grasping manipulator to achieve repeatable grasps in the presence of uncertainty. A suite of experiments is

presented that demonstrates the system’s capabilities.

Introduction

SOFT ROBOTS EXHIBIT CONTINUUM BODY MOTION, large-
scale deformation, high compliance, and adjustable im-
pedance compared to traditional rigid-bodied robots with
high impedance.! Such characteristics make this class of
robots well-suited for highly dexterous tasks and interactions
that require conformation to environmental uncertainty.

Our goal is to develop a soft planar fluid-powered gripper
and a motion planning algorithm that leverages a soft mor-
phology to robustly grasp, drag, and place objects of un-
known geometry. In this article, we describe a planar soft
robot manipulator we developed toward this goal. We focus
on the design, fabrication, control, and planning aspects of
this soft robot.

The fluid-powered gripper at the end of the arm can grasp
an object through an open-loop controlled bending motion,
even if the gripper is positioned relatively inaccurately in
relation to the object to be grasped. The design of the gripper
itself is inspired by the work of Polygerinos et al.” The design
is advantageous for grasping, because it exhibits high cur-
vature, minimal radial expansion, and remains compliant
during actuation. We can repeatably fabricate the gripper
using a lost-wax casting process instead of the commonly
used soft lithography technique. As a homogeneous piece
without weakening seams, the gripper is not prone to
delamination under high deformations. By abandoning the

need for a lamination process, arbitrarily shaped internal
channels can be achieved.

We attach the gripper to a multisegment soft manipulator
to enable autonomous grasp-and-place capabilities on a
plane. Positional feedback is provided in real-time from a
camera system. Modeling uncertainties arise from a simpli-
fying constant-curvature assumption, unrepresented manip-
ulator dynamics, stick-slip friction, and nonlinear fluidic
control. These uncertainties are compensated by the inherent
compliance of our soft gripper design and our motion plan-
ning strategy. The motion planning algorithm advances the
arm through all the necessary states of the grasp-and-place
operation. A minimal strain, collision-free movement toward
the object of interest is found by posing the plan as a series of
constrained nonlinear optimization problems. The system
first plans concentric approach circles shrinking from the
initial end-effector pose down to the object diameter. Next,
the system searches for locally optimal manipulator config-
urations that constrain the end-effector to lie on these ap-
proach circles, so that the manipulator does not collide with
the object. The manipulator is then moved between these
plans using closed-loop trajectories. After successfully ap-
proaching the object, the gripper encapsulates it. Even when
the arm and gripper are fully actuated, they remain compliant,
allowing it to conform to unmodeled object geometries. We
experimentally validate the system’s ability to repeatably and
autonomously grasp and place randomly placed objects.
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Related work

An overview of soft robotics is presented in Rus and
Tolley.? We will cover in the following the relevant works in
fabrication, grippers, and control of soft robots.

Several manufacturing processes for soft biomimetic
robots were reviewed by Cho et al.* The vast majority of
soft elastomer robots rely on the processes of soft lithog-
raphy® and/or shape deposition manufacturing.® Especially
noteworthy is the use of wax for fabricating jammable
skin chambers, which stiffens by vacuuming.” The gripper
presented in this work also uses a lost-wax molding tech-
nique, but with a different type of actuation in mind: the
obtained cavity structures are inflated to cause the gripper
to bend.

There are several hardware examples for soft grippers
described in recent literature; we will mainly focus on fluidic-
based systems. Deimel and Brock developed a pneumatically
actuated three-fingered hand made of reinforced silicone that
is mounted to a hard robot and capable of grasping.® More
recently, they have developed an anthropomorphic soft
pneumatic hand capable of dexterous grasps, which is not
mounted to a robot but instead held by a human.” Using a
soft-lithography fabrication, Ilievski et al. created a pneu-
matic starfish-like gripper composed of an array of silicone
chambers and a silicone membrane.'® The gripper hangs on a
string and grasps objects like an egg or a mouse in an open-
loop controlled manner. Stokes et al. used a soft elastomer
quadrupedal robot attached to a wheeled robot to grip and
retrieve objects.'! A puncture-resistant soft pneumatic grip-
per was developed by Shepherd et al.'*> An alternative to
positive pressure actuated soft grippers is a robotic gripper
that makes use of granular material jamming developed by
Brown et al.'? Tkuta and Suzuki demonstrated a multiple-
segment microhydraulic actuator for entering blood ves-
sels.'* The soft octopus-inspired arms developed by Calisti
et al. are not fluidic powered, but instead use cables to pull
rigid fixtures embedded within an elastomer body.'>'® The
arms were capable of grasping objects like pens or screws.
A soft robotic tentacle developed by Martinez et al. was
able to hold a flower and a horseshoe-shaped object.'” The
closest related soft pneumatic actuator design to our current
work is the fast Pneu-net designs by Mosadegh et al.'® and
Polygerinos et al.” These fingerlike actuators deform with
minimal volume change and can bend to high curvatures.
None of the above described grippers were controlled au-
tonomously to perform their tasks, and accordingly no
statement on repeatability of the autonomous execution was
given.

Simulation results using an online motion planner for
planar continuum manipulators were presented by Xiao and
Vatcha.'® This work was extended by Li and Xiao to present a
more general formulation to constrained, continuum manip-
ulation.”® Marchese et al. demonstrated closed-loop position
control of a multisegment soft planar fluidic elastomer ma-
nipulator in free space.”' The soft manipulator presented by
Marchese et al. is only suitable for inspection tasks by
moving through a constrained environment without object
interaction or manipulation.*?

The work presented here combines two soft actuator types
to leverage their strengths in a planar manipulation task.
A new control method described here demonstrates the
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capabilities of this new soft manipulator to perform autono-
mous manipulations with uncertainties.

Contributions

We take on the challenge of grasping-and-placing objects
with a seven degrees-of-freedom (DOF) planar arm made
entirely from soft rubber. Our work differs from the previous
work in that we create an entirely soft and autonomously
controlled grasping manipulation system. Our planning and
control method successfully copes with uncertainties in the
object geometries, object placement, and manipulator mod-
eling. We provide in this work the following contribution to
soft robotics:

e The design and fabrication process of a soft 2D ma-
nipulator.

e A planning algorithm to grasp-and-place randomly
positioned objects on a planar surface using a Seven
DOF soft manipulator.

* Autonomous manipulation experiments with various
objects of unknown geometry placed randomly in the
working space of a soft manipulator without requiring
force sensing or accurate positioning.

e Data from repeatable successful grasping demonstra-
tions with a physical prototype and a qualitative ex-
perimental characterization of the uncertainty regions
that can be tolerated by the soft gripper.

System Overview

The soft grasping manipulator shown in Figure 1 has six
bidirectional segments with cylindrical cavities forming the
arm and a single soft gripper with a pleated shape (Fig. 2) as
the end effector. The independent pneumatic actuation of
the unidirectional soft gripper and each bidirectional arm
segment is achieved through an array of 13 custom fluidic
drive cylinders.?! An object of feasible size but unknown
geometry is randomly placed within the reachable envelop
of the manipulator. The location of the manipulator and the
object is determined with an external localization system.
The motion planning algorithm as well as the curvature
controller run on the control computers and take the location
information as input. The curvature controller then provides
continuous closed-loop adjustment of the fluidic drive cyl-
inder array.

Soft Grasping Manipulator

The robotic manipulator is composed of multiple bidirec-
tional planar arm segments and combined with a unidirectional
soft gripper. We briefly describe the design, fabrication, and
functionality of this soft grasping manipulator in this article.
Further details on the design and fabrication can be found in
Marchese et al.>

Pleated channel design for the gripper

The pleated channel design consists of evenly spaced ribs
shown in cyan with embedded hollow sections shown in
yellow. Cross-sectional views of the unactuated and actuated
states are shown in Figure 2. This design approach draws
inspiration for its pleats from the soft pneumatic gloves
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developed by Polygerinos et al.,> and its homogeneous
body design is inspired from the tail design of a soft ro-
botic fish developed by Katzschmann et al.>* This design
is advantageous for grasping because it exhibits high
curvature, minimal radial expansion, and remains com-
pliant during actuation.® The hollow ribs within the seg-
ment’s pleats are connected by a center channel and are
accessible through a front inlet. Under fluidic pressuriza-
tion of the interior channel, an individual pleat allows for a
ballonlike expansion of the thin exterior skin along the
axial direction. Similar to the uniform channel design, a
stiffer silicone layer shown in blue serves as an almost
inextensible constraint layer. The sum of the ballonlike
expanding motions leads to the bending of the less ex-
tensible center constraint layer to form a grasp. The ple-
ated design is capable of unidirectional bending up to
extreme curvatures. Using a lost-wax casting approach, we
are not limited in defining the geometry of the segment’s
fluidic channels. Using this approach, the cyan portion of
the pleated gripper can be cured in a single step, avoiding
any weakening seams due to lamination.

Lost wax fabrication for fluidic elastomer actuators

Existing soft fluidic manipulators are mostly produced
through a multistep lamination process called soft lithogra-
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FIG. 1. The soft manipulator is
grasping an egg. The robot repeatably
approached, grasped, and moved this
object.

phy, which results in weakening seams that can easily de-
laminate. This limits their range of applications and lifetime.
The retractable pin fabrication for uniform lateral channels,
first introduced by Marchese et al.,?* limits the complexity of
the cavities to cylindrical shapes but does not cause weak-
ening seams to the actuator. This is why the application of
lost-wax casting to the fabrication of soft fluidic actuators
like a gripper is advantageous. The actuated cavities of the
soft gripper are achieved using a wax core, pourable silicone
rubber, and 3D-printed molds. The gripper fabrication pro-
cess and the tools needed are fully described and depicted in
the seigtion Grasp Object Planner and Figure 14 in Marchese
et al.

Multisegment arm with gripper

The design for the arm consisting of soft cylindrical seg-
ments is described in Marchese et al.”* As is shown in
Marchese et al.,>’ through the characterization of various
actuator morphologies, the concatenation of soft cylindrical
segments is most suitable to build up a robotic arm that can
create high blocking forces per fluid energy inserted. The
cylindrical segments of the arm are fabricated through a re-
tractable pin fabrication technique,”” which does not require
lost wax cores because of their simple cylindrical cavities.
Each cylindrical segment can be actuated up to a bend angle

FIG. 2. The pleated channel de-
signs. The design consists of a
channel inlet (a), an almost in-
extensible constraint layer (b), uni-
form pleats (d) separated by even
gaps (c), and internal channels
within each pleat (e). (A) depicts the
segment in an unactuated state and
(B) shows the segment in an actuated
and therefore bent state. The expan-
sion of the pressurized channels
are schematically represented. gRe-
produced from Marchese et al.>*)
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of about 60°; this requires several segments to be combined
together to allow the arm to reach a large enough workspace
to perform proper manipulation tasks on a plane. Using six
segments, the robot is able to touch its tip to its base without
interference from the individual joint limits. The cylindrical
segment design with its hollow channel in the center has
enough space to accommodate for pneumatic tubes to con-
nect to all six cylindrical segments and additionally to the
pleated gripper, which is attached to the tip. The pleated
gripper has to be appropriately sized, just big enough to allow
for proper manipulation without exceeding the payload
capacity of the soft arm.

The complete multisegment arm is supported off the
ground with two roller supports per segment. The rollers
minimize frictional forces to the surface. If the arm would be
moved over a nonslippery surface without rollers, the fric-
tional effects would greatly reduce the agility of the arm and
largely increase the stick-slip friction effects with the ground,
rendering the arm less useful.

Planning and Control

This section covers our approach to preplanning motion
waypoints for the soft robot and controlling the manipulator
along those points.

Kinematic control

The forward kinematics algorithm forwKin () assumes
piecewise constant curvature.”” In order to uniquely fit a
configuration representation to measured endpoint data in
real-time, we use a previously developed single se§rnent in-
verse kinematics algorithm singSegInvKin ().”! The in-
puts to this block are the start and endpoint measurements in
R?: E, Vn=1..N, where N is the number of segments com-
posing the arm. The outputs from this block are the represen-
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tations of the measured manipulator configuration: measured
curvature K., and segment length L,,..s. A cascaded closed-
loop curvature controller curvatureController ()
takes the target curvatures Kyee: as its input and resolves the
error between Kiarger and Kpeas by continuously adjusting the
fluidic drive cylinder array.

We build on the path planning algorithm presented in
Marchese et al.?* This prior work plans the motion of a soft
arm without a gripper through a maze at a centerline while
taking the arm’s bulging shape into account. The approach
does not work for approaching and grasping objects, since a
tip trajectory for successfully moving toward the object is not
known, but needs to be generated by posing and solving a
new optimization problem. The manipulator trunk should not
push the object away when approaching it. Therefore, a new
planner had to be developed and is presented in the following
section.

Autonomous grasp-and-place system

The robotic manipulation system is capable of autono-
mously performing grasp-and-place operations. A state flow
diagram describing its sensing, planning, and execution states
is given in Figure 3. A motion tracker constantly captures the
position of the object. The grasp object planner receives
the coordinates and radius of the object and together with the
current curvature values of the arm and gripper, it solves a
series of constrained nonlinear optimization problems to
generate end-effector poses approaching the object. Those
end-effector poses are waypoints for an optimized path the
robot arm should take to get to the final position without
the risk of moving the object before the gripper grasps it. The
intermediate waypoints ensure that the arm moves to the
object while its null space maintains a convex shape, always
bending away from the object. This is a conservative ap-
proach for not prematurely colliding with the object.

E Gripper Wait for object
= —J placement :
= - trajGen ()
= (L2 Worr Motion XYool l XYool
i move
Tracking o i
l xj,yj/ Grasp Object Planner Next
FIG. 3. State flow diagram of the ) singSeg-| k.. N apprgach
planner developed for the autono- InvKin ()| L. v K radius
mous grasp-and-place operation of % ¢ at object
the manipulator. This diagram de- curvature- :
scribes essentially the flow of in- Arm Controller () graspObject ()
formation from the motion tracking K, L
system to the discrete hardware. l grasped
moveToBin ()
Fluidic drive i arrived
cylinder array
releaseObject ()
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Furthermore, this approach allows the arm to move in smaller
steps, decreasing the risk of large overshoots due to slip-stick
friction between the roller supports and the ground. This
planner is described in more detail in the section Grasp
Object Planner.

The grasp object planner passes the approach configura-
tions x; of the arm to the curvatureController ()
for execution in real-time. The controller receives measured
curvatures Kpe,s and lengths L ..s at an update rate of
100 Hz from the recursively called singSegInvKin ()
and uses them to successively control the arm to every in-
termediate configuration k;. During the arm initialization,
the new curvature controller performs a prepressurization of
both lateral channels. This is only done for the two segments
closest to the root of the arm in order to stiffen them and shorten
their response time constant. To allow for smoother transitions
between each configuration x;, we also added a trajectory gen-
eration procedure trajGen () to the new curvature controller.
It generates in real-time velocity profiles with acceleration and
velocity constraints for each individual degree-of-freedom.
These profiles allow real-time interpolation between the ap-
proach configurations of the arm while avoiding overshooting
at the next target configuration. When the arm has arrived at
the desired pose next to the object, the curvature controller
initiates graspObject (). After encapsulating the object,
moveToBin () requests trajGen () for another trajectory
from the current pose to a predefined bin location. When the
manipulator gets close to the bin location, the procedure
releaseObject () causes the gripper to open and release
the object.
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FIG. 4. Visualization of the grasp object planner.
Concentric approach circles are centered about the object.
The locally optimal approach configurations of the arm
are shown as curved dashed lines with a straight gripper
at the end. The initially measured manipulator configu-
ration is shown as a long and dashed straight line on the
right.
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Grasp object planner

The grasp-and-place system plans a feasible approach mo-
tion to the object. That is, given the location (x,, y,,) and radius
r, of acylinder enclosing the object as well as the manipulator’s
current configuration K., and segment lengths L c.s, We
determine a series of locally optimal manipulator configura-
tions called approach configurations k; Vi=1.. numMoves
that will, if sequentially achieved, bring the manipulator
gradually closer to the object while any part of the arm is not
touching the object.

The process for determining the approach configurations
is detailed in the planGrasp () procedure within the grasp
object planner (see Algorithm 1). The planner is visualized in
Figure 4. In short, we define a series of approach radii r,;
Vi=1..numMoves that define concentric circles shrinking
from the manipulator’s starting tip pose toward the center of
the object. Given actuator limits, we then search for a series
of feasible manipulator configurations x; that will place the
robot’s end-effector on the approach circles, parameterized
by r, and ¢, while minimizing manipulator deformation.
Minimized manipulator deformation is chosen as the opti-
mization criterion, because it is proportional to the energy
consumed by the fluidic drive cylinders, and it also minimizes
the strain to the soft actuators.

The procedure planGrasp () in Algorithm 1 first de-
termines the manipulator’s current tip pose w, and the Eu-
clidean distance d; between the tip and the object’s center.
The arc length input to the arm’s forward kinematics is the
N-th element of the segment lengths L,..s. The end effector
offset w, g describes the distance from the root of the gripper
to an offset point close to the lower end of the gripper’s
palm. It is visualized in the top left corner of Figure 3. The
length g.¢ represents the component of the end effector
offset wsr, which is normal to the end effector orientation.
The minimal tip transit distance d, is calculated by con-
sidering the object’s radius r, and the gripper normal offset
gor- Also, the number of approach configurations num-
Moves is determined as LZ—ZJ, where Ad is an allowable
incremental distance. Using these parameters, approach
radii r, shown by the green circles are iteratively calculated
and their corresponding locally optimal configurations are
found by using the optimization equation and constraints
described in procedure findOptimalConfig (r,) of
Algorithm 1.

The procedure £ indOptimalConfig (r,)is posed as a
nonlinear optimization problem. Here, the objective function
represents the summation of independently weighted ma-
nipulator curvatures k — k.. The weights are set by the
matrix R. The variables to optimize for are ¢ and k. The
optimization constraints cause the manipulator’s tip to lie on
and be tangent to the approach circle. The constraints also
ensure that the manipulator segment curvatures do not exceed
the single soft actuator limits. Furthermore, this procedure
leverages the arm’s forward kinematics forwKin () de-
fined in Marchese et al.?! and reproduced in the last section of
Algorithm 1 for convenience. The optimization becomes
over-constrained only if it has to find an arm pose outside of
the arm’s reachable workspace. That occurs if the object was
user-placed outside the workspace. Before performing the
optimization, a feasability check is performed using the arm’s
forward kinematics.
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Algorithm 1: Grasp Object Planner

Input: %,,ca5, Lineas < measured arm configuration
Ko < measured manipulator configuration at start
8ofr < gripper offset normal to end-effector

X0, Yo» To < ODbject center coordinates and radius
N < number of manipulator segments

Procedure planGrasp ( )

w; < forwKin (Kmeas» Limeas» N> Lw)-

di — [[[xo, yoI" = will.

dy «— dy =1, — gotr-

numMoves <—|_ % J

i=0.
repeat
i=i+1.
_j—a
Ta; (_d] ! numMoves®

K, < findOptimalConfig (r,).

until i =numMoves
return ] Vi=1.numMoves

Procedure f indOptimalConfig (ry)
ke M Rk — ko)

b,k
Xo+ 14 COS @
subject to Wi« | Yo+ 74 sin ¢
o+3

f « forwKin (x, L, N, Ly).

W — Wogr (75, @) — £=0.

K;“i" <Ky K™ Vn=1.N..
return x*

Procedure forwKin (k, L, i, s)
Input: x, L, i the segment of interest index, s the arc
length along the indexed segment
if i=0 then
0; (0) < 0o (0).
x; (0) « 0.

| [xi (0), i (0), 0; (0)] < forwKin (x,L,i—1, Ly).
end
01(_01(0) + kl'S.
x «—x;(0)+ % — Sm,f#.
cos 6;(0)
ki

i

Y < i(0) — 0 —

return [x,y, 01" or [x,y]"

The nonlinear optimization problem is implemented on a
PC using sequential quadratic programming, which finds it-
eratively the minimum of a constrained nonlinear multivar-
iable function. The solver is run with a relative upper bound
of 2x 107 on the magnitude of the constraint functions. The
lower bound on the size of a step was given by 1x107°. The
solver takes about 1s to solve for all waypoints from start to
finish.

Experimental Results

We now discuss the grasping of objects as well as the
repeatability and success rate of the autonomous system.
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FIG. 5. System overview. The system is composed of
(A) a motion capture system, (B) rigid frame, (C) soft six
segment planar manipulator, (D) an object within the grasp
envelope, (E) a soft gripper fixed to the manipulator, (F) a
fluidic drive cylinder array to control actuation, and
(G) computers for real-time processing and control.

Experimental platform

The soft manipulation system we developed for this work is
shown in Figure 5. Each arm segment is 6.27 cm, and the soft
gripperis 10.6 cm long. The localization system OptiTrack Flex
3 by Natural Point provides real-time measurements of marked
points both along the inextensible back of the manipulator
and on top of the object. A rigid frame holds all the subsystems
as a mobile presentation platform together providing reliable
hardware experiments without the need for recalibration.

Grasp experiments

Using the experimental platform in Figure 5, we im-
plemented the planning algorithm described in the Planning
and Control Section. We evaluated the manipulator system
for repeatability and ability to handle uncertainty. The ex-
periments consisted of picking and placing several objects of
unknown geometry at an unknown location. We measured the
execution time and captured the location data during the
experiments. Specifically, we performed over 200 experi-
mental grasp-and-place trials at randomly chosen positions
within the reachable workspace to demonstrate the cap-
abilities and repeatability of our system. We successfully
picked up various objects such as eggs, shuttlecocks, bakery
items, cups, light bulbs, and tape holders. The objects had an
enclosing diameter in the range of 2-5cm. The results of a
subset of those experimental trials are shown in Figure 6. One
representative approach, grasp, and retract move is shown in



AUTONOMOUS OBJECT MANIPULATION 161

FIG. 6. (Leff) Complete set of experimental grasp-and-place trials. In these experiments, the arm moves from an initial
straightened configuration to grasp a round object placed in one of five locations (A-E). The arm then returns the object to a bin
location shown in red. For each trial, a seven degrees-of-freedom (DOF) manipulator representation is generated at both the
grasped and released state using experimental data and is shown in blue. The corresponding 1 DOF end-effector representation
is shown in black. The round object’s measured position at each state is shown in green. In one of the trials, the grasp and return
was successfully performed, but an overshoot over the final bin location caused the gripper to drop off the small table it is
moving on. (Right) Overlaid photographs of the manipulator grasping an object placed at each of the five locations.

Figure 7. In 23 of 25 experimental trials shown, the manip-
ulator successfully achieved the task of grasping an object
and placing it at a bin location shown in red. The test object
has a weight of 18 g and a diameter of 3.3 cm. The object was
placed five times on each of the five points marked on the
board. The markers only serve as a reference point for the user

to place the object roughly at the same point at every repe-
tition. The user’s placing accuracy is not important to the
algorithm, since the tracking system reregisters the position
of the object every time it is placed. The five points were
chosen to approximately represent the major portion of the
manipulator’s reachable workspace. As long as the root of the

FIG. 7. (Left) A time series representation of an experimental grasp-and-place trial for an object located at point E (Fig. 6).
Here, the locally optimal planned manipulator configurations as well as planned sequential approach circles are shown as black
dotted curves. The arm and gripper are shown in their experimentally determined configuration representations at 1 intervals.
The cyan configurations represent the manipulator prior to grasping the object that is moving from its initial configuration to
the object’s location. Depending on where the object is placed, the manipulator takes between 17-35s to approach it. After
grasping the object, the magenta configurations represent the manipulator moving from the object’s location back to the bin
location shown in red. This task of moving back to the bin takes between 10-20s. (Right) Overlaid photographs of the
manipulator moving from its initial pose to the object and from the object to the release location, respectively.
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FIG. 8. Experimental characterization of the gripper’s
capture region: the allowable positioning uncertainty is de-
termined through repeated placements of the center of a cy-
lindrical object at different points on a 5 mm, grid relative to
the gripper. Blue dots indicate all object center positions for
which a grasp could be performed successfully, red crosses
show the positions where a grasp failed. The gray line outlines
an area for the object to be positioned within so the gripper can
grasp it. The evaluation of the capture region was performed
similarly to a method described in Dogar and Srinivasa.”®

gripper stops so that the object is located within the capture
region, the gripper will pick it up through its sweeping closing
motion. The capture region is outlined in gray in Figure 8.

The evaluation of the capture region is performed similarly
to a method described in Dogar and Srinivasa’s work on
determining capture regions for a push-grasp of a classical
robotic gripper.*® Grid paper and fine markings on all four
sides of the round object ensure that the placement by the user
is accurate within £1 mm in relation to the discrete placement
locations on the grid. This test serves as a qualitative measure
to show qualitatively a relation between object size to gripper
size to area of successful grasp. This characterization was
repeated two times, resulting in nearly identical capture re-
gions. Despite positioning inaccuracies of the soft manipu-
lator, the gripper can nevertheless successfully perform a
grasp of an object. The successful capture region can be
characterized by about half a gripper length in diameter.

When the arm closely approaches its straight pose, it drops
the object. For these experiments, we focus on showing the
capability of picking up objects at various places and moving
them around; there is no emphasis set on having to drop off the
object at a specific place. To indicate that the arm can move
the object after grasping, the arm was controlled to go back to
the fully straight pose. When the arm reached the final straight
pose within a 1 cm delta, the gripper was set to release and
drop the object. It was not ensured by the planner that the arm
had to first settle to zero velocity at the final straight pose. As a
consequence of this, the experimental data indicates as a red
bin a relatively wide dropoff area.

The unsuccessful trials happened due to stick-slip friction
between the roller bearings and the table surface. Our kine-
matic modeling does not account for this nonlinear behavior,
which acts as a disturbance and can lead to failure to arrive at
the next waypoint.
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Experimental insights and limitations

Overall, the experiments show that the system was repeatably
able to autonomously locate a randomly placed object within its
workspace, plan the arm motions, and perform the task of
grasping and placing the object. The system can drag payloads
of less than 40 g; higher payloads cause the cylindrical arm
segments to stall and possibly lift off the table without moving
the payload. There is a trade-off between the reachable work-
space and the maximum payload. As the length of the arm in-
creases, more workspace can be reached while less payload can
be manipulated. A smoothing of the complete trajectory with
several intermediate waypoints was found to be necessary. The
amount of intermediate waypoints is determined by the variable
Ad, which we found to be about the length of one arm segment.

We developed an end-to-end system that can approxima-
tely locate an object placed at an a priori unknown location
and move it to a desired location. The external localization
system is a convenient way to approximately identify the
location of the object and to track how the object is moved
around. The exteroceptive tracking system has the disad-
vantage that the full occlusion of one or more markers can
cause the tracking system to temporarily lose track of a
measured arm segment. In that case, the control loop can not
function properly until the occlusion disappears. The external
localization system could be replaced with another method
for localizing the manipulator and the object in the work-
space. For example, proprioceptive sensors within the seg-
ments could solve this issue partially. A first step toward
proprioceptive sensing was done for three soft fingers ar-
ranged as a hand in Homberq et al.*’

The experiments were performed for picking up objects on
the left quadrant of the manipulator. Grasping objects on both
sides of the manipulator could be achieved in various ways,
including the following:

1. replacing the large gripper at the end of the arm with
two smaller grippers next to each other,

2. mounting roller supports on the top face of the ma-
nipulator and then rotating the manipulator at its root
by 180°, and

3. increasing the reachable workspace through starting
the soft arm at an extreme curvature configuration
within the right quadrant.

Conclusion

This work describes a planar soft manipulator capable of
pick-and-place operations under high uncertainty in the po-
sition and shape of the object. A soft gripper was designed,
fabricated, and combined with a previously developed soft
robotic arm. It was then shown that a minimal strain and
collision-free approach to an object of interest can be achieved
by posing the grasp motion plan as a series of constrained
nonlinear optimization problems.

The fabrication approach presented has potential to gen-
eralize beyond just the fabrication of a gripper. The new
approach is advantageous because it allows for arbitrary
designs of internal fluidic cavities and the casting of a ho-
mogeneous soft segment. It removes the need for laminating
several separately casted parts together. Such a homogeneous
soft segment would allow for better robot performance since
it is less prone to manufacturing inconsistencies and rupture.



AUTONOMOUS OBJECT MANIPULATION

The manipulator is suitable to perform delicate tasks
with low payloads, for example, grasping objects that
should not be squeezed and/or should not break during
manipulation. The ability to successfully and repeatedly
perform object manipulation using a fully soft, multiple
degree-of-freedom arm suggests that despite their ex-
treme compliance, soft robots are capable of reliable and
robust object manipulation while simultaneously pro-
viding inherently safe interactions with the environment.
We also demonstrated the manipulator’s ability to au-
tonomously grasp an object, which leads to many po-
tential applications for full soft robotic manipulation. In a
manufacturing setting, this could resemble a soft robot
stretched widely to pick up objects situated at various lo-
cations. In a human-centric environment, soft arm grasp-
ing manipulation may enable soft robots to interact safely
with humans. Future work will investigate the dexterity of
the arm when approaching same object poses in various
ways, just by changing the constraints and cost function
when optimizing for the inverse kinematics solution. In-
tegrating proprioceptive sensing within a multisegment soft
actuator will further improve the use of these manipulators
in occluded environments.
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