Force and Moment Constraints of a Curved
Surface Gripper and Wrist for Assistive Free Flyers

Matthew A. Estrada, Hao Jiang, Bessie Noll,
Elliot Hawkes, Marco Pavone, Mark R. Cutkosky

Abstract— Free-flying robots have the potential to au-
tonomously fulfill a wide range of tasks involving manipulation
of objects in space. In this paper we study the design of a wrist
mechanism for free-flying robots that are equipped with an
adhesive gripper for attaching to objects and surfaces. The wrist
and gripper allow the robots to apply moments in addition to
forces, which increases their versatility for object manipulation.
We apply grasp optimization to establish limitations on the
forces/moments that the wrist can impart, subject to adhesion
capabilities. Building on these results, we present considerations
for tuning a passive wrist mechanism, or controlling an active
wrist, to broaden the range of forces and moments that the
robot can exert. Qur theoretical insights and wrist designs are
validated in simulations and on a planar micro-gravity test bed.

I. INTRODUCTION

In the near future it is anticipated that free-flying robots
will assist astronauts in manipulating objects in and around
space vehicles [1]-[3]. In this context, manipulators designed
to grasp the surfaces of objects and structures have been of
recent interest [4]-[7] and stand to transform large swathes
of structures, such as external hulls of spacecraft or solar
panels, into suitable attachment sites. Broadening attachment
choices would simplify operations such as docking maneu-
vers, orbital debris removal, and on-orbit servicing, where
pre-installed features often dictate current procedures. Some
applications demand a more versatile gripping capability,
such as capturing uncooperative targets [8], [9] or anchoring
onto objects that are not man-made [10].

To this end, we previously explored using a flexible gripper
that employs a gecko-inspired adhesive to capture curved
and possibly rotating objects [11]. However, in order to
manipulate objects conveniently, a free-flying robot should
also be able to apply rotations or moments using a wrist. In
this paper we show that a free-flying robot with an adhesive
gripper and an active wrist with torque control can increase
the range of possible object acquisitions and manipulations
beyond those possible with a passive, compliant wrist.

We present a new adhesive gripper that features a palm
such that it can apply moments to objects while also apply-
ing both normal and shear forces. We model the gripping
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Fig. 1.  Free flyer SPHERES robot [2] is shown grasping an object with
a curved surface gripper. In this paper, adhesion capabilities and gripper
geometry are used to calculate the forces and moments able to be applied
by the gripper. These limits are then used to investigate passive wrist tuning
and the potential advantages of active control.

constraints and show how they affect the design and control
of the wrist. The analysis begins from surface interaction
forces and works back towards the robot, as depicted in
Fig 1; using a free body diagram of the gripper design
adhesion limitations are mapped into a force-moment space.
Keeping reaction forces within this safe region becomes
the ultimate goal of wrist design. To validate the model,
we present simulations and experiments on a free-floating
platform, approximating a two-dimensional micro-gravity
environment.

II. CURVED SURFACE GRIPPER MODEL
A. Background and related prior work

A starting point for the analysis presented here is to model
the force and moment capabilities of the new gripper as a
function of contact forces, including adhesive forces. The
analysis draws upon analyses of grasping with robot hands
and force balancing for the feet of climbing robots.

Grasp force optimization is a well-studied subject. In
general the problem is posed in terms of external and internal
forces, using either linear or nonlinear optimization to relate
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Fig. 2. Planar free body diagram of forces on an object of locally uniform
curvature. Adhesive forces, 17, T> act tangential to the surface; compressive
forces, C'1, C'2 act normal to the surface. « is half of the angle subtended
by the palm. Coordinate frames embedded in the object and gripper are
Acm and Ayrist, respectively. The gripper is assumed rigidly connected
to the object until maximum adhesive forces are exceeded.

the two [12]-[15]. A related problem arises when adhe-
sives are used for climbing or perching. Examples include
optimizing the force balance on the feet of a quadrupedal
climber [16], [17] or the forces available from collections of
directional adhesive pads [18].

B. Force/Moment Limitations

In the present case we refer to gripper capabilities as
a region of attainable forces and moments exerted on a
target object. This region is a function of gripper geometry
and the maximum load each adhesive can withstand. For
the purposes of this paper we are interested primarily in
the adhesive capabilities of the gripper, essential when it
is pulling on an object to acquire or manipulate it. In
the following development, we ignore the case of pushing
an object with the gripper, although this extension to the
force/moment limit surface is straightforward.

We express 2D net force and moment as a set of linear
matrix equations with inequality constraints; four internal
reaction forces sum to net forces along two directions and
one moment balance about a third.

C. Free Body Diagram

A free body diagram of the forces exerted by the curved
surface gripper is shown in Fig. 2. Four possible forces
are exerted by the gripper: shear adhesion forces 77,75 act
tangential to the object’s surface. Compression forces C, Cy
act normal to the surface. Parameter a denotes the half angle
subtended by the palm in contact with the object.

Net force and moment about point A.,, can be expressed
as a column vector, F,,,, expressed in the reference frame
aligned with body A. Similarly, the magnitudes of internal
reaction forces can be arranged in a column vector:
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Fig. 3. Limit surface for Lqris¢ for @ = 11.4°, r = 0.11 m, and a

maximum adhesion of 20 N on each adhesive strip. All forces and moments
enclosed within the surface are within the adhesion’s capabilities. Lines
of constant F), are plotted in increments of 1 N. The gripper is capable
of exerting compressive forces, though we restrict our focus to “adhesive
manipulations” where X Fy > 0 for the purposes of this development.

The relation between net force and moment exerted on
the object from these reaction forces is posed as a matrix
equation:

Feon = Gcmxy 2

where G, denotes the contribution each force vector has
on the force and moment balance. In this 2D case, G.,, is
a 3 x 4 matrix, as there are three degrees of freedom (DOF)
and four force vectors, specifically

cosa —cosa  Sina  —sina
Gem = |sina sina  —cosa —cosa 3)
—r1 T2 0 0

where r; is a moment arm from A, to the contact point
at C; the right contact follows similarly.

The net forces and moments exerted on the object are
given by Fi,,, taken at A.,,. Note that F,,,, consists of mixed
units, denoting two forces and one moment for the purposes
of this paper.

D. Convex Set of Achievable Forces/Moments

The net forces and moments that can be exerted by
the gripper, about point A.,,, without overloading adhesive
capabilities, are any force/moment vector lying within the
convex set Lop,:

Lem = {ch|ch :Gcmx|0 <z Sxmax}- “4)



The nonzero inequality constraint ensures that compressive
forces only push while adhesive forces only pull. The upper
bound, %4z, encodes adhesion limitations. Compressive
force limitations at each contact point (to prevent structural
damage) can be imposed as well.

The boundary between forces/moments within the convex
set and those that will exceed the adhesive’s capabilities is
called the gripper’s "limit surface," depicted in Fig. 3. As
noted earlier, we restrict our focus to “adhesive manipula-
tions” where ¥ I}, > 0 for the purposes of this development.

E. Force Optimization

One can pose a simple convex optimization problem in
order to find the largest force the gripper is able to exert with

given adhesion capabilities and geometry. For some objective
3, we write:

maximize 3
x

subject to  Fi,, = Gemx

0<z < Tnas

&)

For instance, we can find the largest force able to be
exerted on an object in the G, direction by choosing 5 =XF),.
Similarly, we can find the largest force in the a, direction
without inducing a linear acceleration in the a, direction,
nor a rotation about a,. In this case, we would use the

same objective and add two additional constraints, namely:
YF,=0,XM, =0.

F. Calculating Adhesive Load from Net Forces

Equation 2 calculates net forces from specified reaction
forces in the free body diagram. Calculating the magnitude
of adhesive and compressive loads from net forces repre-
sents an under-constrained problem: calculating four force
magnitudes from three net force/moments. This extra degree
of freedom is due to the fact that G, has a nullspace:

1

1
tan «
tan o

N(Gem) =

The forces can thus be calculated via a constrained,
least-norm problem with a non-negative constraint on x.
Physically, the minimization is asserting that no unnecessary
internal reaction forces acting within A/ (G.,,) are present.

G. Shifting the Point of applied Forces

To calculate the set of net forces that can be applied to the
object at a different point, one can perform a transformation:

1 0 0
Furist = ] 0 1 0 Fom.- (6)
,F*wrzst/cm . dy 0 1

This transformation takes into account that forces in the
a, direction will be acting with a different moment arm
when moments are calculated about a different point. Here,
we assume that the translation between the two points only
occurs along the a, axis. For generality, point A, is taken
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Fig. 4. The model presented in section II can be used to assess different

gripper designs. Space enclosed by Ly, is depicted above as «, the half

angle subtended by the gripper’s palm, varies. For visualization, we plot a
2D slice of the limit surface, where X Fy = 0.

to be at the surface of the cylindrical object, a distance r from
the center of mass (an actual gripper would be slightly more
offset). For analysis, point A,,;s; is considered to be part of
the object’s rigid body since it does not deflect with respect
to any point on the object once grasped.

Denoting the matrix in Eq. 6 as T%"**%/™ one can
analogously map entire force/moment convex spaces:

wrist/cm
Ewrist =T / Lcm

H. Effects of Parameters

Varying parameters of the model leads to useful insights
on the forces potential gripper designs can exert on an object.
For instance, varying a allows us to explore the benefits of
a gripper that spans a larger arc on the surface of the object,
depicted in Fig. 4. For visualization, we take a slice of the
limit surface, assuming 3 F, = 0. These net forces at I,
are synonymous with net accelerations of point A.,,, just
scaled by mass/inertia.

As « increases, the space of allowable forces grows, since
compressive forces are oriented more favorably, able to act
both normal and tangential to the gripper frame. The shape
also becomes less diagonal as « increases, meaning the
gripper’s ability to exert tangential acceleration and rotational
accelerations becomes less coupled.

Of course, varying « is only one example of investigating
different gripper designs. Varying wrist position or modeling
configurations with asymmetric adhesive capabilities also
offer interesting trade-offs. A designer may concentrate more
adhesive on one side of the gripper to handle large tangential
forces at the price of reduced normal forces.

(7

III. PASSIVE WRIST TUNING

An important goal of passive wrist design for a force-
limited gripper is to keep forces within the adhesive’s ca-
pabilities. In other words, the set of exerted forces must
lie within the limit surface derived in section II. Without
knowing what combination of loads the wrist will experience
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Fig. 5. Gripper and wrist designed to have compliance in three orthogonal
degrees of freedom. Two linear rails are mounted allowing deflection in the
7, and Ny directions. The gripper is mounted on a hinge, allowing rotation
about the n, axis.

at each instant a priori, the wrist must be soft enough
that the maximum force will never exceed the limit surface
constraints.

We present a gripper and wrist with compliance in three
orthogonal directions, two linear and one rotational, depicted
in Fig. 5. A linear slider provides compliance along the
f, direction, with another slider attached in series to give
compliance in the 7, direction. The gripper is attached at the
distal end via a pin joint, providing a rotational compliance
about the n, axis.

For a passive wrist, ensuring that reaction forces remain
within a gripper’s limit surface requires tuning the stiffness
and damping at each joint. We assume the mass of the gripper
and wrist is negligible, and that a simple linear, stiffness and
damping are present at each joint of the wrist. The force
felt at the gripper, expressed in the end effector’s reference
frame, is a function of the joints’ deflection from its resting
state, Aq = [0 6y 06]7 and joint velocity ¢ = [& ¢ 6]

Fuppliea = J(0) x (—KAq — Bq) (®)

Where the stiffness and damping matrices are represented
as K = diag(ky, ky, ko) and B = diag(bs, by, bg), respec-
tively. The wrist’s Jacobian is denoted .J(6):

cosf —sinf 0
J(0) = [sinf cosf 0O )
0 0 1

The objective in tuning depends on the intended task:
dynamic uses will rely heavily on the level of damping, fine
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Fig. 6. Limit surface of L,,ris¢ for the curved surface gripper shows

the attainable forces and moments at the wrist (point A,,,;s¢) given the
adhesive’s capabilities. Axes are resultant forces in the az, ay direction,
and the moment about the a, direction. Data from pull-off tests (*) are
shown along the limit surface. The asymmetry of the envelope is due to the
two adhesive pads having slightly different capabilities. Calculated adhesive
load is shown below for both adhesive pads.

manipulations may require a nonlinear stiffness that acts rigid
under modest loads and deflects once overloading is near.
For dynamic or uncertain applications, sweeping a dynamic
simulation over expected conditions provides an assessment
of wrist performance, as done in [19], [11]. An exhaustive
simulation of spring and damping coefficients is done in
section V-C, to find the best case scenario of a passive wrist
with linear compliance and damping.

IV. ACTIVE WRIST CONTROL

Whereas a passive wrist must be designed for the worst-
case combination of forces and moments, an active wrist
needs to contend only with the specific combination of forces
and moment that are in effect at each instant. In other words,
an active wrist may act at the edge of the limit surface, rather
than conservatively within it.

Applying forces consistently near the adhesive limits is
useful for dynamic manipulations where large interaction
forces are desired. An example scenario is catching an
uncooperative target tumbling through space — a free flyer
robot must absorb the kinetic energy corresponding to the
relative motion of the robot and object.

Specifically, if ﬁcm is the net force applied at the object’s
center of mass, a possible control strategy becomes:
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The force felt at the wrist’s distal joint during a dynamic catch is shown in blue. A successful grasp is shown to stay within the limit surface

while a failed grasp breaks away from the gripper when it exceeds the adhesive’s capabilities, marked in red. For both trials, impact peaks produced high
compressive forces (Fy < 0) which did not appreciably load the adhesives but affected the structure of the gripper. These compressive peaks are out of

the view in the presented plots, but the magnitude is noted for each.

maximize [

cm

L,
subject o Fep = —3 | Ly (10)
H,
ch g Lcm

where L, L,, H, denote the object’s linear/angular momen-
tum about the a, G, @, directions, with H, calculated about
Acm- Here, after calculating the net force to be applied
at the object’s center of mass, we calculate F.;s¢ =
Twrist/em B for the corresponding force to apply at the
wrist. Since we are optimizing for the largest interaction
forces, the optimal input will lie on the gripper’s limit
surface.

Pushing in proportion to the object’s momentum is pro-
posed in order to bring all components of momentum to rest
simultaneously, though this would require an estimation of
the target object’s mass properties and incoming state [20].
Control laws also can be formulated using the velocity of the
point of attachment, which could be calculated by encoders
within the arm’s joints.

V. EXPERIMENTAL RESULTS

We present experiments and simulations to confirm the
limit surface and its use for object manipulation. First,
the limit surface modeled in section II is compared to
the empirical limits of an adhesive gripper. Next, force
measurements of a dynamic catch with the passive gripper
introduced in section III are shown for both a successful
and failed grasp. Finally, a simulation shows the potential
performance improvement an active gripper can offer with
the control proposed in section IV.

A. Limit Surface Verification

The gripper was subjected to failure tests under different
loads to verify the suitability of the model presented in
section II. Quasi-static, load-bearing experiments for the
curved surface gripper show empirical points of adhesive
failure around the limit surface in Fig. 6. The gripper
was rigidly mounted to an ATI-Gamma SI-32-2.5, six axis

force/torque sensor (accuracy: +/-0.05N), which measured
forces at 1000 Hz. The gripper was attached to a cylindrical
object (23 cm diameter) before being loaded to failure. The
surface of the object was covered with paper to reduce the
adhesion such that gripper forces could easily be overcome
by hand.

The gripper was loaded in a variety of conditions until
the adhesive failed and the object was wrenched free from
the gripper. The maximum force/moment exerted just prior
to failure is depicted by each data point in Fig. 6. Values
o = 11.4° and » = 0.115 m were measured for the geometry
of this gripper.

For each measurement, an adhesive load was calculated
as described in section II-F. The adhesive load at failure is
shown at the bottom of Fig. 6. The performance of each
adhesive was slightly unequal, with adhesive 1 supporting
up to 24.0N, and adhesive 2 supporting up to 19.4 N. These
maximum forces were used to generate the limit surface
shown with the data (recall from section II-C maximum
adhesion is set in the inequality constraint, x < Zyuqz)-

The failure results presented here agree with the limit
surface model in Section II-D. While geometry and adhesive
capability are kept constant here, grasping with shear adhe-
sion is modeled and verified for different values of constant
and compound curvatures in related work [21].

B. Force Profile of Dynamic Catch

The force profile was recorded for failed and successful,
dynamic grasps. The dynamic catches were performed on
a free floating platform to approximate a 2D micro-gravity
environment. The 23 cm diameter target object had a mass
of 1.55 kg and inertia of 0.013 kg-m?, identical to that used
in [11]. The stiffnesses of the gripper were measured to be
ks = ky = 250N/m, kg = 0.125 Nm, and damping b, = b, =
2 Ns/m, by = 0.02 Nms.

Traces from a typical success and failure are shown in Fig.
7. The incoming velocities for each trial were measured as:

052  f, 042 fy
s s
- m A - m .
Usuccess = | 0.5 s Nyl Vfail = 1.3 s Ny
0.3 7, 0red
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Fig. 8.  Numerical simulation comparing a passive wrist with and active wrist for arresting a moving object. Left: The passive wrist represents the

best case spring/damping values simulated for the chosen incoming speed. Middle: The active wrist uses the control law proposed in IV, applying forces
proportional to the object’s momentum. Right: Settling time is shown as as the object comes in with different kinetic energy. While the active control is
able to handle higher speeds, the tuned passive wrist quickly exerts forces higher than the adhesives’ capabilities and fails.

Forces/moments are shown to lie within the predicted limit
surface for the successful grasp, whereas the failed grasp ex-
ceeds the limit and results in an adhesive failure. In the failed
case, the incoming object had a higher kinetic energy, which
produced larger wrist deflections that ultimately reached the
joints’ range of motion. At this point, the interaction forces
increased beyond the adhesive limits.

C. Numerical Simulation of Dynamic Catch for Passive vs.
Active Wrist

A numerical simulation compares the dynamic perfor-
mance between a passive and an active wrist assumed to
be attached to a gripper with the limit surface measured in
section V-A. The two wrists simulated were:

1) A passive wrist of the same design as section III.
Spring/damping constants optimized for settling time
of catching the incoming object at speed ¥Us;,, in order
to represent a best case scenario.

An active wrist utilizing the active control law pro-
posed in section IV with the gripper constraints mea-
sured in section V-A, exerting an opposing force pro-
portional to the object’s momentum.

2)

The passive wrist’s joint stiffness and damping constants
were determined through an exhaustive search, though en-
forcing the natural frequency and damping ratio to be iden-
tical at each joint. Coefficients were chosen that minimized
the time required to dissipate the kinetic energy to 2%
of the object’s original energy, with initial velocity Us;y,.
This resulted in a high level of damping at b, = b, =
1.2 N s/m, by 0.027 Nms and spring constants k, =
k, = 0.39N s/m,ky = 8.3%1073 Nms, corresponding to
wy = 0.5 rad/sec and ¢ = 0.8.

The dynamic model tracked the state of a single rigid
body being arrested by the forces exerted by each wrist. The
simulation assumed the object started a given initial velocity,
and was located within the gripper’s hold, with the wrist
at its nominal resting position. In both cases, the simulated
object had initial velocity oriented away from the gripper
with appreciable spin:

0m/s g
Usim = |—0.2m/s 1y,
2rrad/s i,

The simulation results in Fig. 8 show that the ability to
operate closer to the adhesive’s limits does yield benefit; the
active wrist brings the object to rest in 59% of the time it
takes for the passive wrist.

The comparison in the third column of Fig. 8 shows the
time to slow the object’s motion as the initial energy is
varied. For this sweep, components of the velocity are kept
proportional as ¥s;,, is multiplied by a scalar. The active
wrist is able adapt to the object’s higher initial velocity,
whereas the passive wrist exceeds the adhesion’s capabilities
for any higher velocities due to the high level of damping.
Ultimately, factors such as the wrist’s range of motion will
limit the ability to catch an object in either case, but are not
considered here.

VI. CONCLUSIONS AND FUTURE WORK

A model using grasp optimization was presented and
compared to empirical measurements taken from a flex-
ible gripper equipped with gecko-inspired, dry adhesive.
The model was shown to be capable of evaluating the
performance of different gripper geometries and adhesion
capabilities. Adding a compliant wrist allowed the gripper



to grasp objects dynamically, applying moments in addition
to forces.

To avoid overloading the adhesives with a sharp impulse,
joints are allowed to deflect to transmit interaction forces
across a longer amount of time. The adhesive limit surface
was shown to be the deciding factor in determining the
success or failure of grasping maneuvers.

Section IIT showed how tuning a passive, compliant wrist
and gripper represents a compromise between limitations
in different directions. Clever mechanism design, such as
coupling compliance between axes, could lead to a better
utilization of attainable forces with passive mechanisms. The
mechanism presented here was designed to be easily tunable,
with stiffnesses in orthogonal directions.

Active control was shown to outperform a passive gripper
in a basic simulation presented in section V-C because
forces and moments could be commanded as a function of
one another. The ability to choose an operating point with
respect to gripper limitations broadens both the magnitude
and direction of forces/moments the gripper can exert.

This work leads to a number of future research directions.
The active wrist algorithm proposed in section IV instan-
taneously optimizes an objective in order to slow down a
moving object. More sophisticated methods could sacrifice
slowing down the object for some duration in order to orient
the gripper in a favorable position to apply larger forces,
resulting in a more aggressive maneuver.

Free flyer manipulation is just one instance of a dynamical
system where aggressive maneuvers are limited by the inter-
action forces that can be exerted. In this regard, grappling
dynamic objects with an adhesive gripper is similar to the
handling of race cars at the limits of their tires’ friction
cone [22]. Active control laws using force-constrained ma-
nipulators may entail planning a trajectory of forces/torques
within or along surfaces representing limits of adhesion,
friction, etc. The understanding of such limits will be used
to expand free flyer dynamic grasping envelopes [11] and
design approach maneuvers.
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