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Planning for Multi-stage Forceful Manipulation

Rachel Holladay', Tomas Lozano-Pérez', and Alberto Rodriguez?

Abstract— Multi-stage forceful manipulation tasks, such
as twisting a nut on a bolt, require reasoning over interlock-
ing constraints over discrete and continuous choices. The
robot must choose a sequence of discrete actions, or strategy,
such as whether to pick up an object, and the continuous
parameters of each of those actions, such as how to grasp
that object. In forceful manipulation tasks, the force re-
quirements substantially impact the choices of both strategy
and parameters. To enable planning and executing force-
ful manipulation, we augment an existing task and motion
planner with controllers that exert wrenches and constraints
that explicitly consider torque and frictional limits. In two
domains, opening a childproof bottle and twisting a nut,
we demonstrate how the system considers a combinatorial
number of strategies and how choosing actions that are
robust to parameter variations impacts the choice of strategy.
https://mcube.mit.edu/forceful-manipulation/

I. INTRODUCTION

Our goal is to enable robots to plan and execute forceful
manipulation tasks such as drilling through a board, cutting a
carrot, and twisting a nut. While all tasks that involve contact
are technically forceful, we refer to forceful manipulation
tasks as those where the ability to generate and transmit the
necessary forces to objects and their environment is an active
limiting factor which must be considered. Respecting these
limits might require a planner, for example, to prefer a more
forceful kinematic configuration of the robot arm or a more
stable grasp of an object.

Forceful operations, as defined by Chen et al., are the
exertion of a wrench (generalized force/torque) at a point
on an object [1]. These operations are intended to be quasi-
statically stable, i.e. the forces are always in balance and
produce relatively slow motions, and will generally require
some form of fixturing to balance the applied wrenches. For
example, opening a push-and-twist childproof bottle is an
example of a forceful manipulation task. To remove the lid
the robot must exert a downward force on the lid while
applying a torque along the axis of the bottle (Fig[T}bottom
left). The robot must be strong enough to deliver the required
wrench and also secure the bottle before exerting a wrench
on it, to insure that there is enough available friction between
the fingers and the lid.

To accomplish complex, multi-step forceful manipulation
tasks, robots need to make discrete decisions, such as
whether to push on the lid with the fingers, the palm or
a tool, and whether to secure the bottle via frictional contact
with a surface, with another gripper or with a vise. The robot
must also make continuous decisions such as the choice of
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Fig. 1: Opening a childproof bottle involves executing a downward-
push on the lid, while securing the bottle (lower left). Our system can
reason over a combinatorial number of strategies to accomplish this
forceful manipulation task, including twisting with various parts of
its end effector, twisting with a tool (in blue), securing with a vise (in
grey), securing against the table, or securing against a high-friction
rubber mat (in red).

grasp pose, initial robot configuration and object poses in
the environment. Critically, all these decisions interact in
relatively complex ways to achieve a valid task execution.

Fig[T]illustrates that there are different strategies for com-
pleting this task. Each strategy’s viability depends on the
robot’s choices and on the environment. For example, a
solution that uses the friction from the table to secure the
bottle, as shown in the top left, would fail if the table can
only provide a small amount of friction. Instead, the robot
would need to find a significantly different strategy, such as
securing, or fixturing, the bottle via a vise, as shown in the
top right.

Strategies represent sequences of parameterized high-level
actions. Each action is implemented as a controller param-
eterized by a set of constrained continuous values, such as
robot configurations, grasp poses, trajectories, etc. Our goal
is to find both a sequence of high-level actions (a strategy)
and parameter values for those actions, all of which satisfy
the coupled constraints.

To produce valid solutions for a wide range of object
and environment configurations, the robot must be able to
consider a wide range of strategies. As illustrated above,
small changes, such as decreasing a friction coefficient,
may necessitate an entirely new strategy. Approaches that
attempt to explicitly encode solutions in the form of a policy,
e.g. via a finite state machine or a fixed action sequence,
will generally fail to capture the full range of feasible
strategies [2], [3]. Methods that attempt to learn such a policy
will need a very large number of interactions to explore this
rich and highly-constrained solution space.


https://mcube.mit.edu/forceful-manipulation/

We propose addressing forceful manipulation problems
by planning over a combinatorial set of discete/continuous
strategies. We extend an existing task and motion planning
(TAMP) system, PDDLStream, which reduces this type of
hybrid discrete/continuous planning problem to a sequence
of discrete planning problems via focused sampling of the
continuous parameters [4]. To apply this method to forceful
manipulation, we introduce new actions with controllers
that exert wrenches and constraints that explicitly consider
torque and frictional limits. In particular, the constraints
propagate the wrench of the forceful operations throughout
the actions in a strategy. In the childproof bottle example,
this propagation is critical to finding a strategy that fixtures
the bottle against the wrench applied on the lid.

Our paper makes the following contributions:

o Augment an existing TAMP method [4] for forceful ma-
nipulation tasks by adding controllers and constraints.

o Demonstrate, in two domains (opening a childproof
bottle and twisting a nut on a bolt), the interplay of the
force-based constraints and the geometric and discrete
choices.

o Enable the planner to choose strategies that are ro-
bust by formulating this as cost-sensitive planning. We
demonstrate how accounting for robustness impacts the
robot’s strategy.

II. BACKGROUND AND RELATED WORK

Our goal of finding a discrete sequence of actions pa-
rameterized by continuous values lies at the heart of multi-
modal motion planning (MMMP) [5], [6] and task and
motion planning (TAMP) [7]. MMMP plans motions that
follow modes, e.g. moving through free space, and motions
that switch between discrete modes, e.g. grasping, where
each mode is a submanifold of configuration space. TAMP
extends MMMP by incorporating non-geometric state vari-
ables and a structured action representation that supports
efficient search [8], [9], [10]. Most, although not all [11],
TAMP algorithms have focused on collision and kinematic
constraints; this paper focuses on integrating force-based
reasoning with an existing TAMP method [4].

Most similar to our work, Toussaint et al. formulates force-
centric constraints that integrate into a path-optimization
framework (LGP) for manipulation tasks [11]. While LGP
can search over strategies, in this paper the strategy was
provided and fixed. While Toussaint et al. take a more generic
approach to representing interaction, their use of 3D point-of-
attack (POA) to represent 6D wrenches prevents the system
from considering patch contact, which is critical to our tasks.
Levihn and Stilmann present a specific planner that reasons
over which combination of objects in the environment will
yield the appropriate mechanical advantage for unjamming
a door [12]. The type of the door directly specifies which
strategy to use (lever or battering ram) and the planner con-
siders the interdependencies of force-based and geometric-
based decisions for each application.

Michelman and Allen formalize opening a childproof
bottle via a finite state machine, where the overall strategy
and some of the continuous parameters, such as the grasp, are

fixed [2]. Holladay et al. consider force- and motion-based
constraints in planning a fixed sequence of actions to enable
tool use [3]. While these systems reason over geometric
and force constraints, these constraints do not impact the
sequence of actions, i.e. the choice of strategy.

Several recent works have characterized types of force-
based motions. Gao et al. defined “force-relevant skills” as
a desired position and velocity in task space, along with
an interaction wrench and task constraint [13]. Mahschitz
et al. termed “sequential forceful interaction tasks” as those
characterized by point-to-point movements and an interaction
where the robot must actively apply a wrench [14]. Chen et
al. define “forceful operations” as a 6D wrench f applied at
a pose p with respect to a target object [1]. In this paper, we
adopt their definition of forceful operations to characterize
the type of interactions our system plans for. Chen et al. focus
on finding environmental and robot contacts to stabilize an
object while a human applies the forceful operation. In our
work, a robot must both stabilize the object and apply the
forceful operation.

Stabilizing, or fixturing, an object is a common require-
ment of any system forcefully operating on those objects.
The goal of fixturing is to fully constrain an object or part,
while enabling it to be accessible [15]. Fixture planning often
relies on a combination of geometric, force and friction anal-
yses [16]. There are various methods of fixturing including
using clamps [17], using another robot to directly grasp or
grasp via tongs [18], [19], [20], or using the environment and
relying on friction, such as in fixtureless fixturing or shared
grasping [21], [22]. Within this paper we consider fixturing
via grasping and environmental contacts.

III. FORCEFUL MANIPULATION

In this section, we characterize the class of problems
considered in this paper and we introduce two domains that
illustrate the class.

A. Problem Definition

We are interested in solving forceful manipulation tasks
via a sequence of high-level actions, i.e. a strategy. Each
action is implemented by a parameterized controller and is
associated with constraints relating the continuous parameter
values, such as robot configurations, poses, paths, etc. that
must be satisfied for the controller to achieve its desired
effect. The choice of a strategy requires finding satisfying
values for all of these constraints.

Borrowing from Chen et al., we are interested in tasks
that involve forceful operations, where the robot exerts a 6D
wrench ([fz, fy, fz, tz, ty, t-]) on an object [1]. Actions that
perform forceful operations (1) require the robot to use a
controller that exerts force and (2) plan for the robotic system
to be able to exert that force. We view the robotic system,
composed of the robot joints, grasps and other possible
frictional contacts, as a forceful kinematic chain. To exert
a wrench, the forceful kinematic chain must be maintained,
i.e. each joint must be stable under the imparted wrench. We
informally use the word stable to refer to stable equilibrium
of the forces and torques at all the “joints”. Likewise, if
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Fig. 2: To open a childproof bottle, the robot must forcefully push and twist the lid, while fixturing the bottle. We define four strategies for
twisting the lid: grasping on the lid (GT), pushing through the fingertips (FT) or the palm (PT) or grasping a pusher-tool that contacts the
lid (TT). The system may fixture the bottle via another robot’s grasp (RF), a vise’s grasp (VF) or by securing it between the table (SF(T)) or a

high-friction rubber mat, shown in red, (SF(M)).

we are exerting force upon an object, we need to fixture
that object, hence creating a second forceful kinematic chain.
In Sec. we explain how to incorporate stability into the
planner as a constraint and then describe several types of
joints in forceful kinematic chains and their mathematical
models.

In this paper we assume a quasi-static physics model and,
as input, are given geometric models of the robot, the objects
and the environment along with the poses of each object.
Physical parameters, such as the object’s mass and center of
mass, and friction coefficients, are known.

B. Example Domains

To ground our work in concrete problems, we consider
two example domains: (1) opening a childproof bottle and
(2) twisting a nut on a bolt (Fig[2]and Fig 4] respectively). For
each domain, we define the forceful operation that represents
the task, what object(s) must be fixtured, and a set of possible
actions for imparting that forceful operation and fixturing the
objects. In both domains we also include generic actions such
as: move, move while holding, pick, and place.

1) Childproof Bottle Opening: In the first domain, the
objective is to open a push-and-twist childproof bottle, as
introduced in Sec. [l We specify the push-twisting, required
before removing the lid, as the forceful operation of applying
wrench (0,0,—f.,0,0,¢,) in the frame of the lid (Fig
bottom left), where we assume f, and ¢, are given. While
performing this action, the robot must fixture the bottle to
prevent its motion. We define four push-twisting actions and
three fixturing methods.

Each of the four push-twisting actions, illustrated in Fig[2]
vary in how the robot contacts the lid and thus the construc-
tion of the forceful kinematic chain: grasping on the lid,
pushing through fingertips or the palm or grasping a pusher-
tool that contacts the lid. We refer to these push-twisting
strategies as GT (grasp-twist), FT (finger-twist), PT (palm-
twist) and TT (tool-twist). For the last three actions, the robot
can reason over applying additional downward force, since
this can safely increase the stability of the action.

There are three methods to fixture the bottle, as shown
in Fig[2} grasping it with another robot, grasping it with a
vise (here implemented via a rigidly mounted robot hand)
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Fig. 4: To twist a nut on the bolt, the robot can use either its fingers or a
spanner (in blue). While twisting, the robot must fixture the beam that
the bolt is attached to. The robot can fixture either via another robot’s
grasp or by weighing down the beam with a large mass (in green).

or exerting additional downward force to secure the bottle
with friction. For the last method, the frictional surface can
either be the table, or a high-friction rubber mat. We refer
to these fixturing strategies as RF (robot-fixture), VF (vise-
fixture), SF(T) (surface-fixture using the table) and SF(M)
(surface-fixture using the mat).

2) Nut Twisting: In the second
domain, the robot twists a nut on
a bolt by applying the wrench
(0,0,0,0,0,¢t.) in the frame of the
nut (Fig[3), with ¢, given as input,
while fixturing the beam holding
the bolt. We do not consider the
more general task of twisting a nut
until it is tight. This version of the
task, which would require monitor-
ing and re-planning, is discussed as
future work in Sec. [V

The robot can either twist the
nut, executing a controller that
exerts force, with its fingers or by
using a spanner (FigH). The beam can be fixtured either
by having a second robot securely grasp it or by placing a
heavy block on the beam to weigh it down.

Fig. 3: In the nut twist-
ing domain, the forceful
operation is to apply a
torque in z, in the frame
of the nut.

In each domain, the variety of push-twisting (or twist-
ing) and fixturing methods gives rise to a combinatorial
set of possible strategies to search over. For example, one
such strategy for the childproof bottle domain that uses
the grasp-twist (GT) and robot-fixture (RF) methods, as
partly visualized in Fig[2a] is: move (robotg, pathyg),
pick (robotg, bottle, graspg), move (roboty,



pathi), grasp-twist (robot;, bottle, paths,
wrench), move (robot;, paths), pick(roboty,
cap, graspg), where some of the parameters of the

actions have been omitted for brevity. The goal of the
planner, described in Sec. is to both search through the
set of feasible strategies (action sequences) and solve for the
parameters of each action, all while respecting the geometric
and force-based constraints.

IV. FORCE-BASED TAMP

We next detail in Sec. how we introduce force-based
reasoning into an existing TAMP method, including adding
a new type of variable, new controllers and new constraint
functions, and how we extend it to generate robust strategies
via cost-sensitive planning. We then discuss in Sec. [V-B
the controller for exerting wrenches and the mathematical
models used to verify forceful kinematic chains.

A. Planning Approach

To solve for both the strategy and the parameters of the
strategy in a forceful manipulation problem, we use PDDL-
Stream, a task and motion planning algorithm [4] that has
been used in a variety of robotics domains, including pick-
and-place in observed and partially-observed setting [23].

1) Extending PDDLStream: PDDLStream solves hybrid
(discrete/continuous) problems by sampling, in a focused
fashion, the continuous parameters and generating and solv-
ing a sequence of discrete planning problems until a solu-
tion to the original hybrid problem is found. The focused
sampling is achieved by combining a small set of samplers
that are conditional on the output of other samplers, such
as a sampler for kinematic solutions conditioned on sampled
poses of objects.

We define each of our example domains using the
PDDLStream planning language, an extension of the PDDL
language [24], by specifying variable types (e.g. poses),
predicates (e.g. HandEmpty) and actions (e.g. pick) that
are relevant to the domain. Each action is a parameterized
controller and is characterized by preconditions on the state,
or requirements for executing that controller, and its resulting
effects to the state. Given this specification, along with an
initial state and goal state, PDDLStream finds a sequence of
actions and their parameters.

In order to leverage PDDLStream for forceful manip-
ulation we add a wrench type, define actions that exert
wrenches and introduce force-based constraints. First, we add
(Wrench ?w) as a state variable type, where ?w is a 6D
wrench, specified with respect to a reference frame, which is
usually attached to an object. This addition enables wrenches
to be directly and easily incorporated into the specification.

Actions and their controllers which exert the forceful op-
erations, such as the push-twist actions in the childproof lid
domain, are parameterized, in part, by this wrench variable
and we can characterize an effect of the action as accom-
plishing the forceful operation. Additionally, a precondition
for executing these wrench-exerting actions, as mentioned in
Sec. is that the forceful kinematic chain is maintained
and that the objects the robot is acting upon are fixtured. This

constraint propagates the planned exerted wrench through the
joints of the relevant forceful kinematic chain and is deemed
satisifed if all the joints (robot and contacts) are stable with
respect to the application of that propagated wrench.

For example, when generating a grasp, the grasp sampler
transforms the exerted wrench into the grasp frame and
only considers the grasp feasible if it is stable. Sec. [[V-B.1
discusses the controller that exerts wrenches and Sec. [[V-B.2
details the forceful kinematic chain constraint.

2) Robust Planning: Given the ability to generate plans
that satisfy geometric- and force-based constraints, we now
aim to produce robust plans. We search for plans that
maximize the probability of succeeding during open-loop
execution. We focus on protecting against stability-based fail-
ures along the forceful kinematic chains due to uncertainty
in physical parameters. For example, we want to discourage
the system from selecting a grasp where a small change in
the friction coefficient would break the stability of the grasp.

We formulate this as cost-sensitive planning, where the
cost of an action is given as — log(Pr[success(action)]).
Minimizing this cost is equivalent to maximizing the plan
success likelihood. We define the probability of action suc-
cess by sampling 100 sets of parameter values, each with
a random epsilon perturbation, and evaluating our models
(detailed in Sec. to assess the stability of the forceful
kinematic chain. We perturb, when applicable, parameters
such as the friction coefficient, the planned applied wrench,
the contact frame, the effective size of the contact patches,
etc. By reasoning over perturbations in the parameters of the
problem, we assess the robustness of the forceful kinematic
chain.

B. Constraints on Forceful Operations

We next discuss the controller used to exert wrenches and
the mechanics models used to asses the stability of forceful
kinematic chains. While we overview a few types of joints,
and their corresponding models, alternative joints or models
could easily be integrated.

1) Exerting Force: Forceful interaction involves exerting
a wrench at a pose. While there are several control methods
for this explicitly, such as force control [25] or hybrid
position-force control [26], [27], we opt to use a Cartesian
impedance controller. Cartesian impedance control treats the
interplay of interaction forces and motion deviations as a
mass-spring-damper system [28]. We can exert forces and
torques by offsetting the target Cartesian pose and adjusting
the impedance parameters [29]. We chose to only vary the
stiffness parameter, K, and set the damping parameter, K,
to be critically damped, i.e. Kg = 2,/K,.

To have a degree of open-loop control over the magnitude
of the exerted wrench, we characterized experimentally the
relation between wrench magnitude, pose offset and stiffness.
During planning, we use this experimental relation to select,
given the stiffest possible setting, the desired pose offset.

2) Maintaining Forceful Kinematic Chain: With the ac-
tions that exert force, the planner must ensure that each joint
in the forceful kinematic chain is stable. For our two domains
we consider several classes of joints for which we model the
space of wrenches they can withstand.
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Fig. 5: Along each joint of the forceful kinematic chain, we first project
the expected wrench (in black) into the subspace defined by each joint
and then verify if the joint is stable under that wrench. Each type
of joint connects to a mathematical model that visualizes this space.
For circular patch contacts, we check the friction force against a limit
surface ellipsoidal model and for each robot joint we check against the
1D torque limits.

For frictional planar joints, the friction wrenches are 3D,
and we represent the boundary of the set of frictional
wrenches in the three dimensional friction subspace of the
plane of contact with a limit surface [30]. We use two
ways to approximate the limit surface, depending on the
characteristics of the planar joint (see a) and b) below). In
the other three dimensions, we assume any wrenches are
resisted kinematically by non-pentration reaction forces. For
example, in Fig[3] the joint between the gripper and tool is
maintained along three axes by friction and in the other three
axes by the gripping force. For the robot’s joints, the set of
wrenches that can be transmitted are directly bound via the
joint torque limits.

a) Limit Surface for Small Circular Patch Contacts:
For small circular patch contacts with uniform pressure
distributions (e.g. the fingers-bottle, bottle-surface contacts),
we leverage the ellipsoidal approximation of the limit sur-
face [31]. The ellipsoid is centered in the contact frame,

w = [fz, f»,my], and, for isotropic friction, is defined by
wlAw = 1 where:
1
e 0
4 = Nu)?
0 1
(k)

such that p is the friction coefficient, /V is the normal force
and, given our assumptions, k = 0.6r where r is the radius of
the contact [31], [32]. Having propagated the exerted wrench
into the contact frame, we check if this wrench lies within
the ellipsoid, which would indicate a stable contact:
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b) Limit Surface for More General Patch Contacts: For
contacts with more general shapes and less uniform pressure

distributions, we directly model the contact patch as a set
of point contact, each with its own normal force (localized
pressure) and its own friction limits. Given a contact patch
we model the force it can transmit as the convex hull of
generalized friction cones placed at the corners of the patch.
Generalized friction cones, based on the Coulomb friction
model, represent the frictional wrench that a point contact
can offer [33]. We represent the friction cone, FC, at each
point contact with a polyhedral approximation of generators:

FC = {(%0»1)7(—#7071)7(07% 1)7(07 _:uvl)} 2

for a friction coefficient, ; [34]. These generators can be
scaled by the applied normal force. Given this approxima-
tion, the generalized friction cone can be written as:

V={v=J{F|FecFC} 3)

where JfT is the Jacobian that maps contact forces f from the
contact frame, where FC is defined, to the object frame. If the
exerted wrench, in the reference frame of the patch contact,
lies within the convex hull of V, the frictional wrench can
resist the exerted wrench and the contact is stable.

In the nut-twisting domain (FigH)), we use the generalized
friction cone to model the contact between the table and
the beam holding the bolt, placing friction cones at the four
corners of the beam. In evaluating the stability of fixturing
via a heavy weight, the applied normal force, determined by
the mass and location of the weight, is modeled as a simply
supported 1D beam with a partially distributed uniform load.

c) Torque Limits: The last type of joint we consider
are the joints of the robot, where the limit of each joint is
expressed via its torque limits. We relate the wrenches at the
end effector to robot joint torques through the manipulator
Jacobian, J,,. Specifically, given a joint configuration ¢ and
wrench w, the torque 7 experienced at the joints is modeled
by 7 = JZL(q)w. The forceful kinematic chain is stable if
the expected vector of torques 7 does not exceed the robot’s
torque limits 7y, :

Jgrl(‘])wemt < Tlim- 4)

In summary, we have three models, each of which captures
the spaces of wrenches that a particular joint can resist. The
frictional contact models create ellipsoids and polytopes in
wrench space. The torque limit creates a n-d box in torque
space, where n is the number of joints, which can be thought
of as a series of 1D bounds for each joint. Fig[5] visualizes
how these varying models are used to asses the stability of
the forceful kinematic chains.

V. EMPIRICAL EVALUATION

We provide a few illustrative examples of how the system
reasons over strategies. We also further demonstrate the
system in the supplemental video [35].

A. Breadth of Solutions

We conduct two ablation studies in the childproof bottle
domain (Table |I[) In, the first study, Al, we search over
all possible fixturing strategies, with the twisting strategy
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Fig. 6: Robustness Evaluation. In the childproof bottle domain, we evaluate the cost of each twisting method (left) and fixture method (center)
across varying values of downward force. For each point, we average one hundred samples, randomizing over the grasp (when applicable). The
standard error is plotted, but minuscule. From our cost definition, a higher cost corresponds to a less robust action. In the nut-twisting domain
(right) we consider the trade-off in the grasp cost versus the fixturing cost. At each weigh value, we randomly sample the pose of the weight
along the beam and the grasp on the weight. Since, at the extremes, some costs evaluate to infinity, we plot the median and a 95% confidence

interval.

Ablation # 1
Strategy #Steps  Planning Time (SE)
GT+SE(T)* 4 177 (51)
GT+RF 6 60 (9.4)
GT+SE(M)** 8 142 (73)
+VF* 9 3
Ablation # 2
Strategy #Steps  Planning Time (SE)
GT+SE(M) 4 37 (1.8)
PT+SF(M) 4 25(3.1)
FT+SE(M)* 4 63 (35)
TT+SF(M)** 8 40 (5.1)

TABLE I: For each ablation study, we provide the number of steps
for each strategy and the average planning time in seconds (and
standard error) over five runs. *: Utilized a higher friction coefficient
1 to increase feasibility **: Invalidated shorter strategies to force to
planner to find these longer strategies.

fixed (GT, grasp-twist). In A1, the bottle starts at a random
location on the table. In the second study, A2, we search
over all possible twisting strategies, starting the bottle on
the rubber mat to use the surface fixturing strategy (SF(M),
surface-fixturing on the mat).

Because the underlying search over strategies within
PDDLStream biases towards plans with the fewest actions,
we incrementally invalidated the shorter strategies in order
to force exploration of the alternative, longer strategies. For
example, in Al we invalidated fixturing via the table or a
robot grasp (GT+SF(T) and GT+RF) as feasible strategies
by decreasing the friction coefficient between the bottle and
the table and by removing the second arm, respectively.
Accounting for this, the planner chose the longer, feasible
strategies of fixturing with either the vise (GT+VF) or with
the rubber mat (GT+SF(M)).

B. Robustness of Solutions

We next consider how accounting for robustness impacts
the choice of strategy. In Figlojleft we evaluate each of
the push-twisting methods in the childproof bottle domain,
across varying magnitudes of additional downward force, a
parameter the planner must choose. Except for the grasp
twist (GT), all of the methods are fairly susceptible to
perturbations in their parameters. Each of these methods
decreases in cost, and therefore increases in robustness, with
additional downward force. We repeat this analysis for the
fixturing methods in the same domain (Fig[6fcenter), where
the robot and vise fixturing methods (RF, VF) both have a

cost of zero. In comparing fixturing with the table (SF(T))
and the mat (SF(M)), the mat’s higher friction coefficient
makes it more robust. The robust planner is incentivized to
avoid shorter but more brittle plans, such as fixturing with
the table, and to opt for longer, more reliable plans.

In the nut-twisting domain we explore robustness by
considering a scenario where the robot must chose between
several weights, of varying mass, to fixture the beam with.
For a given mass, we sample 100 placement locations along
the beam holding the bolt and evaluate two robustness
metrics: how robustly the weight fixtures the beam and how
robustly the robot is able to grasp (and therefore move) the
weight to this placement. Fig[6}right shows the trade-off: a
heavier weight more easily fixtures the beam but is harder
to robustly grasp. In finding a robust plan, and hence a low
cost plan, the planner is incentivized to act like Goldilocks
and pick the weight that best balances this trade-off.

VI. DISCUSSION

Our goal is to solve complex multi-step manipulation
problems that involve forceful operations between the robot
and the environment, where forceful operations are defined
as the robot applying a wrench at a pose. We leverage an
existing task and motion planning system, augmenting it to
reason over controllers that exert that wrench, maintain the
forceful kinematic chain, and fixture the object we are acting
on. We demonstrate our system in two example domains:
opening a push-and-twist childproof bottle and twisting a
nut on a bolt. We also demonstrate the use of cost-sensitive
planning to prioritize actions that are robust to perturbations
in the parameters of our stability metrics.

The current system has several limitations, notably that
the the compliant controllers have fixed compliance, the
computational cost is high, and the planner generates a fixed
sequence of actions rather than a policy, e.g. for turning a
nut until it is tight. These are fertile ground for future work.
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