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Abstract—We develop a systematic approach to incorporating
uncertainty into planning manipulation tasks with frictional
contacts. We consider the canonical problem of assembling a
peg into a hole at the meso scale using probes with minimal
actuation but with visual feedback from an optical microscope.
We consider three sources of uncertainty. Because of errors in
sensing position and orientation of the parts to be assembled,
we must consider uncertainty in the sensed con guration of
the system. Second, there is uncertainty because of errors in
actuation. Third, there are geometric and physical parameters
characterizing the environment that are unknown. We discuss
the synthesis of robust planning primitives using a single degree- rig 1. our experimental setup (left) and an image from the optical microscope
of-freedom probe and the automated generation of plans for showing the peg and a probe (right).
meso-scale manipulation. We show simulation and experimental
results in support of our work.

I. INTRODUCTION

Manipulation and assembly tasks are typically character-
ized by many nominally rigid bodies coming into frictional
contacts, possibly involving impacts. Manipulation tasks are
dif cult to model because uncertainties associated with friction
and assembly tasks are particularly hard to analyze becausgigf,. planar manipulation with a single degree-of-freedom, dual-tip probe
the interplay between process tolerance and geometric UNG@E a passive single-tip probe. There are three sets of operations that can be
tainties due to manufacturing errors. Manipulation at the megeformed.

(hundred microns to millimeters) and micro (several microns

to tens of microns) scale is even harder because of several

reasons. It is dif cult to measure forces at the micro-netwoones presented here. In [17], test pushes on different objects
level reliably using off-the-shelf force sensors and good forcedth known support surfaces are used to estimate support
feedback control schemes have not proved successful. It is heudfaces experimentally. It leaves the open question of how the
to manufacture general-purpose end effectors at this scale agdothesized support points for an unknown object should be
it is even more dif cult to grasp and manipulate parts at thehosen. Similarly in [28], a method for estimating the friction
micro and meso level than it is at the macro level. Finally, thadistribution of an object and the center of friction from pushing
lack of good models of the mechanics of contact interactiotise object several times is presented. In both of these papers,
at this scale means that model-based approaches to planm@ingrid system ofN possible support points is applied to the
and control are dif cult. base of the object being pushed. The respective algorithms

The mechanics of pushing operations and sliding objeastermine the distribution of the normal force of the object at
have been extensively studied in a quasi-static setting in [XBese support locations. Similarly, estimates of surface friction
22]. There is also extensive work addressing the analysis &od meso-scale manipulation are experimentally determined
simulation of mechanical systems with frictional contacts [3n [7]. In our experiments the support surface is coated with a
14, 5]. In particular, semi-implicit and instantaneous-timghin Im of oil which circumvents the dif culties of modeling
models for predicting motion and contact forces for quasiky friction.
static multi-rigid-body systems have recently been developedA good survey of motion planning under uncertainty is
[25, 27]. We build on these models and time-stepping algavailable in [10, 15]. Pushing operations and the instantaneous
rithms discussed in these papers. motions of a sliding object during multiple contact pushing is

Modeling dry friction is a notoriously dif cult problem examined and the manipulation primitive of stable rotational
area. Estimations of friction parameters for pushed objectsfashing is de ned in [16]. In [2], the bounds of the possible
improve the control of pushing have been investigated previrotions of a pushed object are investigated. [23] presents
ously on larger objects and with different strategies than tlaecomparison between the dynamic and quasistatic motions




of a push object. It is well-known that open-loop motion
strategies, without the use of sensors, can be used to eliminate
uncertainty and to orient polygonal parts [13, 11, 1]. In many
cases, the problem of positioning and orienting a planar object
with a random initial condition can be reduced to a planning
problem which can be solved using a complete, polynomial-
time algorithm.

In particular, the problem of nding motion primitives that
rely on pushing and are robust to errors has received signi cant
attention. A pushing control system with visual feedback for
open-loop pushing is described in [24] as a way to mitigal -
the instability of pushing with point contacts. To remove th}es' Problem descrlptlon_ ) )
uncertainty associated with robot pushing tasks, [4] establisheg\ssume that the motion of the control system in the given
stable orientation and positions by pushing objects with twgnvironment is characterized by= f (x;u; p), in which x 2
point ngers. The problem of planning pushing paths usinrg1 < "is the stateu 2 U < ™ is the input, andp 2
stable pushes with line contact is discussed in [18], aftl < ' is the parameters for the system and environment.
conditions on the pushing directions are derived that ens$pdven a controlet : [O;t,] ! U, a parameter history :
that line sticking contact will always be maintained. [O;tp] ! P, and a statexo 2 X for somet, > O (varies with

Sensorless orientation of parts is applied to micro-scdfd: e trajectory (gg.a. motion) under and p- from Xo is
parts in [20]. At the micro scale, sticking effects due to Vaif(th BiXo:t) = Xo+ o f (x( );e( );p( ) d . _
der Walls forces and static electricity make the manipulator We consider three bounded uncertainties stemming from
motions and part release more complicated [12, 6]. Micr§&NSing, control (actuation), and the environment. _
manipulators also have limited degrees of freedom whdn Sensing uncertaintiVe assume _that sensors can estimate
compared to manipulators at the macro-scale. These probléhf$ glot;al state of the system with bounded ersfr Let
are addressed in [20] with a parallel-jaw gripper and squee&é‘”d X® respectively represent the actual and sensed states

and roll primitives to orient a randomly oriented polygonaff the system. We have 2 Bgy (x°), in which By (x) =
part up to180 symmetry. fx jkx;x% rgis ther-neighborhood of state with respect

: . . to a metrick ; k on X.
In this paper, we develop a formulation of the motio ’ . . .
planning problem for manipulation with friction contacts in>- Control uncertaintyWe assume that actuators will realize

corporating uncertainty at three levels: (a) Errors in estimat erecsrggﬁ,g?e?ecfgéfrxtvmg Zc?l?;ingneg ir?tﬂe:?]zjlégtcb:)ri?gls for
of states (positions and orientations) of the manipulated obje té < Fs),tem Vge hgve 2 Be ()
(b) Errors in actuation or input; and (c) Errors in geometri y ‘ Co - 7

and physical parameters characterizing the assembly t Modeling uncertaintyWe assume that the geomelry and
PRy< P . 9 > y %’l‘é‘ physics of the underlying model are parameterizeg by
We consider the canonical problem of assembling a plan

ar u .
rectangular part into a planar, rectangular slot, but with \g'th bounded erroe,. Letp-andp” respectively represent the

; Af : o : ctual and nominal parameter history. We hgv& Beu (p").
single degree-of-freedom probe with two rigid nger tips an Given a sensed initial staten; and a goal seX Soa| z

aseco_nd pa_ssive probe (Fig. 2), and with visual feedback fro%? Xqua) for @ specied  and x the obiective is to
oo opthal N otiom (see Fig. 1-)' We address the automa crgw ga?le a controE (that may de georiud on feeo{back informa-
generation of motion plans for this assembly task. We arg{i@8MP tich will drive th yt Pf on 1ee °

that it is appropriate to consider a quasi-static model of t ion) which will drive the system fromxinit t0 X goar Under
manipulation task with Coulomb friction at the contact(sy"certainties.

between the probe and the object. The interaction betwegn planning with robust motion primitive

the manipulated part and the oil-coated surface is modeled].o solve the above problem is quite dif cult. Because

using a viscous friction model. We explicitly model all thre%omplete algorithms are dif cult to nd except for the sim-
sources of uncertainty through experiments and show h fest of problems, we pursue the synthesis of plans that
motion primitives that are robust to these uncertainties can % obtained by cémposin@bust motion primitivesRobust

identi ed. We describe a mot_|or_1_planner that can nd_mot|o otion primitives are used to de ne controls whose resulting
plans composed of motion primitives for this task and illustra Cai

the application throuah simulation and experiments ajectories will preserve a speci ed property of interest in the
PP 9 P ) presence of uncertainties. We modegbraperty of interesby

a characteristic function,, which maps a trajectory int@
or 1. If (%) =1, then we say that the trajectory satis es
Il. M ODELING AND DEFINITIONS the given property and is called amotion The admissible
set for a property (see Fig. 3) isA = fx | (») =
The manipulation problem considered in this paper can Bg. If the system has uncertainty bourd = (sy;cy;ep),
studied in the framework of motion planning for systems th&te uncertainty neighborhoodaf trajectoryx = (Xo;t;p) is
are subject to both differential equations and uncertainties. flR° j kx3;xok  s¢;ke%uk i kppk  ehg A -
this section, we will briey describe the framework for themotion is a robust motion primitive only if its uncertainty
general problem and a general planning methodology basegighborhood is contained within the admissible set.
on robust motions. The application of the general method inWe can now consider theomposition of robust motion
the manipulation problem is described in Section IV. primitives Let ; and , be two properties. If there exists

Fig. 3. Robust motion primitives



a robust ;-motion and a robust ,-motion such that the IV. MOTION PLANNING WITH UNCERTAINTY
1-motion can be reliably appended to thg-motion under

uncertainties, then we say that it is possible to sequentiaﬁy System dyna@cs ) S
compose the motion primitives. We use a quasi-static model for the system (inertial forces

Thus our approach to planning will involve the constructiof"® Of the order of nano-newtons for the accelerations involved,

of a set of robust motion primitives followed by their sequeﬁ’-"h"e the frictional forces are on the ord(_ar of mlcro-newtons_).
tial composition. At this point, a graph search based motioffé assume the support plane to be uniform, and all pushing
planning algorithm in [15] can be used to synthesize the coffiotions of the probes to be parallel to this plane. The most
plete motion plan. It is worth mentioning that such algorithmgnportant assumption is about the support friction. Because
are not complete because they restrict the search space fM§gncoat the support surface with oil (Extra Heavy Mineral

the original control space to a smaller one consisting only &l LSA, Inc.), it is reasonable to assume viscous damping
robust motion primitives. at the interface. Based on experimental data we chose the

— H H —_ . . T 5 H
In the next section we will describe our experimental testb pdelf = Ev in which v = _[V_X’_VV’\.’ 1 is the veloc[ty
the part (peg) con guratiorx;y; ; f is the corresponding

and the speci cs of the manipulation task before developi tor of f d ts. aRdis the d ing di |
models of the manipulation task and robust motion primitives 'O O Iorceés and moments, andis the damping diagona
matrix with diagonal elements,, e, = &, ande . The

for the task. coef cient of friction between the probe and the part is
These parameters were computed by parameter tting with
I1l. THE EXPERIMENTAL TESTBED experimental results (see Section V-A). Finally, we assume the
only contacts that occur are between the probe and the part.
The mico-manipulation system (Fig. 1 left) consists of aAlthough we consider the assembly task as our goal, we only
inverted optical microscope and CCD camera (for sensimgnsider the problem of guiding the part into the designated
the con guration), 4 axis micro-manipulator, controller, Bn  slot without any collisions with the environment.
tip tungsten probes, and control computer. There is a 4XFrom quasi-static analysis, we haveEv =
objective on the microscope along with a 0.6X optical coupler; w;, |, +w; ; , where w denotes the wrench vector
producing a eld of view (FOV) of 3.37 mm x 2.52 mm.and the magnitude of the contact force, with subscripts
The CCD camera records the images in the FOV and sendsand t indicating normal and tangential directions, and
them to the control computer 80 Hz (lower frequency with the superscripti denoting thei™™ contact. Because of
image processing). The micro-manipulator with controller hapace constraints, we do not write the entire model which
a minimum incremental motion of 0.1m along four axes, includes complementarity constraints for sticking, sliding and
with a maximum travel of 20 mm and with speeds rangingeparation, but instead refer the reader to [21, 27].
from 1.6 m/sec to 1.7 mm/sec. We consider two types of We note that the existence of a trajectory for the rigid-body
probes, a passive Single-Tip Probe (STP) and an active Dugrasi-static model described above may be guaranteed under
Tip Probe (DTP). The STP is passive and although it can biee assumption that the generalized friction cone is pointed (by
positioned, its motion is not controlled during manipulatiorpointed cone, we mean a cone that doesn't contain any proper
The DTP is actuated along one direction (thexis) and can linear subspace). The proof of this result follows the lines
be used either for single or two point contact (see Fig. 2). of [26] but is omitted because of space constraints. Therefore,
The control of the DTP is fully characterized hy = for the one-point contact case in Fig. 2 (left), existence is
(d2; vp; p') (see Fig. 3), denoting a push indirection with immediately obtained from the linear independence of the
relative distanced, with durationp' and constant speeg,. normal and tangential wrenches. When the probe pushes the
In the experiments in this paper, we choose from one of threame side of the part with a two-point contact (Fig. 2 (center)),
discrete values of speeds; = 140.0, 75.0 or 7.4 m/sec. The it is also easy to see that the friction cone is again pointed,
other two inputs are continuous. and thus a solution will always exist. The remaining two-
As mentioned before, there are three sources of uncertaii@int contact case corresponds to the two point contact in
The sensing uncertainty arises because of the limitation 6H. 2 (right), for which it can be shown that the pointedness
the magni cation and resolution of the camera. Because wieH the friction cone holds if the distance between the points
our objective, each pixel subtends only 5.26, our errors Of contact is large enough. This motion, which can be used
in positions are approximately & m and the error in to rotate the part is dISCUSSGd. Iater_ln_ _the next subsection.
estimating the orientation of our 1616m 837 m part Finally, if we derive robust motion primitives that guarantee
is + 0.3 degrees. The control uncertainty exists only in thicking is maintained at one or two contact points, we
probe position. The errors in probe position relative to th@utomatically obtain uniqueness of the trajectories by using
part are also of the order of 5 m. Errors in geometric traditional arguments with the Underlying differential algebraic
parameters stem from manufacturing imperfections. The p&guation. We note that the uniqueness of contact forces does
is not a perfect rectangle as shown in Fig. 1. The tips in tf@t hold in general, even though part's trajectory is guaranteed
DTP are of different length, in which one tip is longer thaio be unique.
the other, re ected in the angle in Fig. 4 (right). However, . . .
we assume the exact dimensions are known. The princifal Properties of motions and admissible sets
source of modeling error stems from surface friction and the There are many properties of interest for pushing primi-
coef cient of friction between the probe(s) and the part. Waves for our meso-scale manipulation tagkg, inputs that
will discuss the dynamic model and the parameters governiggarantee motions with one (or two) sticking contacts or
this model in greater detail in the next section. input that guarantee desired clockwise (or counter clockwise
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Fig. 5. The robust rotational motion and planning problem setup

Fig. 4. Pushing with one-point (left) and two-point contact (right). In the righ de b o will ke . . d will k trictl
picture, the DTP is shown with the exaggerated misalignment between its P e ecau_SGT will keep increasing anu  will keep strictly
tips for better visualization. positive as Increases. |

2) The two-point sticking contactWe only describe the
case in which 2 (0; ) and the DTP pushes on the long
rotation) of the part. In the following, we will specially discus€dge of the part and the contact is sticking (see Fig. 4 right).
three types of properties for which robust motions can be The following equations ensure that two point contact will
systematically constructed. The rst property is to maintaiR€ sticking at a static point:
the one-point sticking contact with counter clockwise (or

clockwise) rotation. The second property is to maintain the L = jtan j= jl=tan > 1 (5)
two-point sticking contact for the DTP. The third property is t )

that the orientation of the nal state of the motion is close 1 - &VpCos (disin +dpcos  di)

to 0 or radians (because the slot is horizontally oriented). n da

Suf cient conditions for motion primitives that guarantee each &Vpcos (disin + dycos )
of these properties are presented below. >

. > c ) . d
1) One-point sticking contact with counter clockwise rota- ) N .
tion: We only consider the case in which2 (0; ) and the The following lemma shows whether the whole motion has

probe pushes on the long edge of the part (see Fig. 4 |eﬁ)gwo-point sticking contact can be determined from the initial
However, other cases, such as pushing on the short edgd@ft: _ . L
the right side of the part, can be analyzed similarly. Lemma 2:If the part starts with two-point sticking contact

The following provides the conditions for a static point; &S Shown in Fig. 4 (right), then the pushing will stay in the
two-point sticking contact mode.

0

2
n

0 _ Gideeccos +(e + die)sin J1 ) Proof: It is because (5) depends on the orientation and the
¢ (e + d2e)cos + didze sin orientation is invariant when the initial point has the two-point
exVp(didaes cos + (e + die)sin sticking contact. : "
n xVp (0 d2x o ('E 18Jsin ) 3) The orientation of the nal state is close 1 or
d(x U E) radians: This property will be achieved in a motion by
v = &W(dicos dpsin) o pushing the part with the active DTP with a separation
falxuiE) d dy 288 +2¢: ®)

in which fg(x;u;E) = e +(d3+ d2)e, > O andyv, < 0.

From (1), we can infer the property of the whole motion ju the passive STP to guarantee the intended rotation un-

from its initial point, which is stated in the following lemma: er ﬁensin_gl;l and contt':olt L:rr:certainties (ts?'e Fig:”5blef.t)' Such
Lemma 1:If the part starts a counter clockwise rotatio®YS r:gg x\" den?urge ‘;. h € nal onentation will be in-

with sticking contact at the initial point with orientation2 ~ N€'gnborhood of, in whic

(0; ) (satisfying (1)) as shown in Fig. 4 (left), then the part 1 Ow +2s; +2c)

will keep counter clockwise rotation with sticking contact until ¢ =sin @+ d2 : Q)
its orientation reaches W )
Remark: In order to guarantee existence, the pointed cone
1 d1 1 dldzex . . 1
maxf tan d—;tan o+ e ¥ (2) assumption required, dytan where = tan is
2 e 18 the angle of the friction cone. This is clearly satis ed by (6).

Proof: The derivatives of-- andv with respect o yowever, for this motion we cannot guarantee uniqueness of

are as follow: the resulting trajectory. In this case, the property of interest

@ n=1) _ e (e +(d2+ d3)ey) (the desired change in orientation) does not depend on the

@  ((e + de)cos + didye sin )2’ (3)  specics of the trajectory and thus the lack of a guarantee on
unigueness is not a problem.

@v _  ewvp(dacos + disin ),
@ e +(B+ de, (4) c. computing robust motions from the admissible sets

It can be observed that both derivatives are strictly positi\(,f—;c\)lggnu\Slveit;]i fg:ﬁéits%m;) Iéri]\(;sjégasreodp:rl?yogih;n gti(\)/egds?atrgbtj/\?é

before- reaches (?)‘ Thertlafo.re, if the part rot?tes Countﬁ{crementally decrease the sampling dispersion along each
clockwise ¢ > 0) in the sticking mode (> > =) at the dimension of the input space until the dispersion reaches the
initial point, then the part will keep staying in the stickingeespective control uncertainty bounds. Initially, the sampling




dispersion in each dimension of the input space is chosen to be
the half of the maximal distance. In each iteration, the sample Y Y G
points in each dimension with respect to its current sampling j—
dispersion are combined to generate all possible inputs. Each
input is tested for membership in the admissible set under the

nominal state and parameters. If no input is in the admissible

set, then the sampling dispersion is decreased by half and the Fig. 6. Thet? motion starting from the right gure to the left.
algorithm goes into the next iteration. If an input is in the
admissible set under the nominal state and parameters, then
this input is tested to see whether it is still in the admissible
set under the maximal uncertainties in sensing, control, and
parameters. If yes, then the motion from this input is returned
as a robust motion. If no robust motion is found when the
algorithm stops, then there exists no robust motion with respect
to the given property under such uncertainties.

Fig. 7. Vertical translational motion starting from the right gure to the left.

D. Comparison of robust motions ) ) ]
contact motion (see Fig. 6). Lemmas 1 and 2 respectively

Of'?Sbvlygt Srggiclivolr?ssvvei?r?orgslvif :ze(;ﬁfggnﬁt er)gsgmggyg?ﬁi rovide conditions for one-point and two-point sticking contact
section, we will provide a %easure the Li F;Chl?tz coﬁstant otions. The following lemma will ensure that two sticking
X P ’ P gtions can be combined to ensuré?amotion.

the motion equation, to compare robustness of these mOtionfemma 3: Assume that the top tip rst establishes the con-

with respect to uncertainties. S .
The Lipschitz constants have been used before to provitc%t' When the misalignment parameterof the DTP satis es

an upper bound on the variation of the trajectory with respect . . . d, didoe

to changes in the state, control, and parameters [8, 9]. The 1@n < minf de+ked TS 7 ®)

magnitude of Lipschitz constants characterizes the worst case 2

trajectory variation of the system under uncertainties. If tHBe counter clockwise rotation with one-point sticking contact

Lipschitz constant is smaller, then the upper bound on t&&n be followed by a two-point sticking motion.

trajectory variation with respect to uncertainties is smaller, i.e., Proof: The rst inequality in (8) ensures that two-

the corresponding motion will be more robust. point sticking contact is admissible and can be established
We compute the Lipschitz constants with respect to the xeeefore the one-point sticking contact motion stops. The second

initial part con guration &, y, ), d», E (damping matrix), inequality ensures that a counter clockwise rotation with one-

and (friction coef cient) for motion equations of the partpoint sticking contact will precede the two-point sticking

under the push of the STP and DTP with the same proBentact motion. ]

initial position (the top tip for the DTP and the tip of the2. Robust translation in thg direction

STP have the same position), constant xed velocity, and tinhis translation is achieved by composing a robust motion with

duration. It is shown that those constants for the STP a®ge point sticking contact and intended rotation followed by a

greater, and therefore the DTP has less uncertainty than thbustt? motion (see Fig. 7). The amount of the net vertical

STP with respect to this measure. This result is supported tsgnslation islag (1  cos ) under nominal conditions (no

the experimental results in Section V. uncertainty).
. . ) o 3. Robust rotation
E. Planning with robust motion primitives This motion is achieved with the pushing described in Sec-

The assembly task considered in the paper has the initig@n IV-B.3.
con guration with orientation; and a goal con guration of Planning algorithm: With the above three higher level robust
(0; 0; 0) with position tolerance of, = 76 m and orientation motion primitives, the planning algorithm consists of the
tolerance =5 (see Fig. 5 right). Note that we currentlyfollowing steps:
ignore obstacles in the environment. For such a task, ourStep 1: Move in they direction by pushing along the
planning algorithm relies on composing the simple robuking edge of the part such that 2 [ £;5]. We use
motions de ned above. We rst construct the following threex sequence of-direction motions in Fig. 7, guaranteeing
higher level robust motion primitives using these simple onethat the nety translation oflag (1  cos ) in Fig. 7 will
1. Robust translation in the direction have the following error boundy = maxfdf; dsg, in which
This robust translation is achieved by using DTP to push tli€ = jlas (1 cos ) (las 2s5 2¢5)(1 cos(  2sY))j,
part in thex direction while maintaining two-point sticking d$ = jlag (1 cos ) (las +2sp+2¢y)(1 cos( +2s"))j, sy
contact. However, because the two tips of a DTP may nabdc; are respectively the sensing and control error bounds
be aligned (see in Fig. 4 right) or sensing errors exist,in the position, ands" is the sensing error bound in the
two point contact might not be established, or can only lwientation. To ensure thgt2 [ ;5] can be achieved using
established after the one-point contact is established rst thie vertical primitive under sensing and control uncertainties,
either the top or the bottom tip. To increase robustness, W following conditions on the uncertainty bounds must be
de ne ato-two-contacproperty, denoted a£, by a sequential satis ed: sp+dy 5, > 2%, Iap > 255 +2¢.
composition of a one-point sticking contact motion with a Step 2: Rotate to = . As shown in (7) and Fig. 5 (left),
counter clockwise rotation followed by a two-point stickinghe distance of the orientation of the part to the horizontal line



TABLE |
Y-TRANSLATION PRIMITIVE: NET DISPLACEMENT OF THEPART

TestNo. | X (m) | Y ( m)
1 1996 19 0:6
2 1975 18 0:5
3 1559 20 11
Average 1843 19 0:7
Simulation 1443 11 0:0
Theory NA 11 0:0

will be bounded. To ensure that the n& pushing can be
robustly applied, we require that uncertainty bounds satisfy:
¢ = sin 1%5% < 1 in which 7® is the
w |

maximal orientation of the part allowing a robust pushing
and can be computed using the algorithm in Section IV-D.

Step 3: If necessary, move in tlyedirection by pushing
along the short edge of the part such tha [ +; 5]

Step 4: Translate the part ix direction to the goa(0; 0; 0).
With the robustt? motion primitives, the nal con guration
of part will bex 2 [p* + rcos( + ) ¢;p‘+ rcos( +

)+ &ly2[p, rsin( + ) dp rsin( + )+ i
and = in which p*;p¥ is the position of the top tip of
the DTP,d,, r and are as shown in Fig. 4 (right). These
equations also impose restrictions on the uncertainty bounds
to ensure the intended toleranag;ax (COS( max max )
cos max)"'zcg < p andrmax SiN max +2<>S < pi max <

inwhich max =tan 1§, rpac = &+ d3, and max
is the maximal magnitude for (see Fig. 4 right).

V. SIMULATION AND EXPERIMENTAL RESULTS

~We (.jid a series Of experiments to QSt!mate the parametegs g. system identi cation: The top three plots show a representative trial
(including the damping matrix and friction coef cient) forused for system identi cation and the bottom three plots show a representative

the system and to compare robust and non-robust motidia used to verify the model.
using both the DTP and STP. In the next two subsections, we i . .
show representative results for the system identi cation a gtzlzxgsf%rrioggfé 2233?3?%reOP(;nb%Lﬁgt?nngtri]an\gtohnfjr;teiogg%
for the different motion primitives. In Section V-D, we usedé%

the designed planner to compute probe controls to complet ;.“%Tﬁtlzﬁégnig L\v/élﬁ'fﬁ;rr:?aﬁ:é%egrgf;l}:esr:ﬁ;v %?igr:?;ttigﬁ
given task in both the simulation and experiment. P

is almost constant after the two point contact is established.
A. Estimating of system parameters Test 2 did not satisfy the two-point sticking contact conditions,
and therefore the two point contact was broken once it was

The parameter tting was done with the experimental daigaplished. We also observed that Test 1 has maximal trajec-
obtained using the STP. Figure 8 shows experimental tigyy gifferences o0 m in x, 15 m in y, and0:023 radians
jectories versus predicted trajectories for one trial that Wg§s~ \vhich are smaller than the corresponding numbers for

used in the parameter estimation (top) and one trial that wass; 2 (maximal trajectory differencesE6 m in x, 25 m in
not (bottom). To estimate the parameters, a root-mean-sqﬁ?r%nd 0:1 radians in ).

metric is used. The optimization algorithm is derived fro
the Nelder-Mead method. The diagonal elements of dampifig Comparison between the DTP and STP

matrix E are estimated to be, = e, = 160:89N sec=mand  Trgjectories using the DTP show less variation than those
e =60:64N m sec The coef cient of friction between the gptained from the STP. Tests 1 and 3 in Fig. 9 are results from
part and the probe is estimated to be= 0:3  0:36. These yopyst motion primitives for the DTP and STP respectively.
gures show30-40 m position errors across a transla_tlon ofrhe top tip of the DTP had the sanyeposition as the STP.
about600 m and abou8 orientation errors for 45 rotation. Trgjectories from Test 1 have less variation than those from
Test 3, whose maximal trajectory differences @ m in x,

. . 75 miny, and0:2 radians in .
B. Comparison between robust and non-robust motions y

Trajectories from robust motion primitives show less varid?- Planning in both the simulation and experiment
tion (and are therefore more predictable) than trajectories fromTable | shows the comparison between theoretical, simulated
other motion primitives. Figure 9 shows the experiment set@md experimental results for robust translation in yheirec-
(top) and experimental trajectory plots for comparison of th@n, for the motion primitive described in Section IV-E. Ta-
robust and non-robust motions using the DTP and STP. Testslés Il and Il compare the experimental and simulated results



Simulation:x Experiment:x

Simulation:y Experimenty
Test 1 (DTP) Test 2 (DTP) Test 3 (STP)
robust not robust robust
Fig. 9. Experimental results for robust and non-robust motions with the
DTP and the STP. Simulation: Experiment:
TABLE 1| Fig. 10. Simulation (left) and experimental (right) results for a planning task
ROTATIONAL MOTION: NET DISPLACEMENT OF THEPART
TestNo. [ X (m) [ Y () distance is determined from (6) and the two probe tips are
1 381 34 88 centered about the center of the part that has orientation
2 434 32 90 =2. The STP probe is to the left of the part and is held
3 370 14 90 stationary. The DTP, on the right side, pushes the part with
Average | 382 27 | 89 its bottom probe tip for a distance of abolit00 m. From
Simulation 295 0.05 90

these experiments, we can see that the orientation of the peg
is robustly rotated closed to even though uncertainties cause
Signi cant mismatches irx andy displacements.

for executing robust rotational motion and robust translati .
J A push of approximatel50 m was used for the robust

in thex direction motion, respectively. At leaStexperimental X ; : L
tests were done for each motion type and the average valff@gslation experiments. The predicted results are within the
of the tests are shown in the tables. For the rousanslation €TOr margins of the experimental observations.
tests, the initial robust one-point sticking contact is maintaineﬁiComb'”'ng these three types of robust motions together
until a desired part rotation angle, is achieved. This is then 2l0WS us to execute the planned algorithm described in
followed by a robust? push to restore the part to the uprigh€ction IV-E. Because of the limited controllability of
position. Simulation and theoretical results match very wepesition of the peg in the current experimental platform
for the tested. Experiments show a somewhat higher ( nd planning algorithm, the initial con guration is set to be
9 m) net displacement than the predictedranslation, but (Xint =2060:4 M;yinr = 92 m; inx = 5) such that one
it is likely due to measurement errors — errors in estimatif@Pusty motion followed by one robust rotation followed by
position are 45 m. We did not observe sliding in the pushing®"® robus motion is able to push the peg into the hole. A
from the image analysis. simulation of the planned motion is shown in Fig. 10_(Ieft).
In the robust rotational motion experiments, the separatiﬁf‘n the experiments, the peg is successfully pushed into the
ole three times over three trials. The experimental data from
one trial is shown in Fig. 10 (right). The snapshots of the
TABLE 11l experiment are shown in Fig. 11 with the associated robust
X-TRANSLATION PRIMITIVE : NET DISPLACEMENT OF THEPART ~ CONtrols.

Test No. X m Y (m
! 9(54) (5 ) o VI. CONCLUSION
2 944 11 0:7 In this paper, we established a framework for motion plan-
3 965 11 07 ning under differential constraints and uncertainties in sens-
g ggi (5) 8;3 ing, control (actuation), and geometric/dynamic parameters.
Average 955 5 o We showl hoyv we can ch.arac'gerlze r.obust. motion primitives
Simulation | 949 02 00 with applications to quasi-static manipulation and assembly




(4

LF A .

(6]

Move in they direction

AN~

(7]

1T

8l
[0

Rotate to the = con guration (101
| - £ (L [11]
[12]

[13]

[14]

Translate the part ix direction to the goal

Fig. 11. Snapshots illustrating the assembly of the part into the slot.
[15]

tasks and propose measures to quantify robustness of mo}'
primitives. Further, we describe an algorithm to automatically
synthesize motion plans which sequentially compose robust
motion primitives to move parts to goal positions with minimalft’]
actuation. 18]
The main contribution in this paper is the quantitative
treatment of uncertainty and the incorporation of models of
uncertainty into the synthesis of motion primitives and thid®]
motion plans. It is clear that this paper is only a startin 0l
point and does not address the problems associated with multi-
point contact which characterize assembly tasks. Further, we
simpli ed the modeling of the contact friction by considering?21]
lubricated surfaces which appear to be well modeled by
viscous damping. Nevertheless, the ability to plan and reliaq%]
execute the plan for positioning and orienting parts using
visual feedback with only a single degree-of-freedom actuator
represents a signi cant accomplishment over previous studies
on quasi-static manipulation. (23]

ACKNOWLEDGMENTS [24]

We gratefully acknowledge the support of NSF grants
DMS01-39747, 11S02-22927, and 11S-0413138, and ARB5
grant W911NF-04-1-0148. ]

REFERENCES [26]

[1] S. Akella and M. T. Mason. Posing polygonal objects in the plane
by pushing. International Journal of Robotics Reseaych7(1):70-88,
January 1998. (27]

[2] J.C. Alexander and J.H. Maddocks. Bounds on the friction-dominated
motion of a pushed object.The International Journal of Robotics

Research12(3):231-248, June 1993. (28]

M. Anitescu and F.A. Potra. Formulating dynamic multi-rigid-body con-

tact problems with friction as solvable linear complementarity problems.

Nonlinear Dynamics14:231-247, 1997.

K]

Z. Balorda. Reducing uncertainty of objects by robot pushitigEE

Int. Conf. on Robotics and Automatiopages 1051-1056, 1990.

S. Berard, B. Nguyen, B. Roghani, J. Trinkle, J. Fink, and V. Kumar.
Davincicode: A multi-model simulation and analysis tool for multi-
body systems. IrProceedings of the IEEE International Conference
on Robotics and Automatip2007.

K. Boehringer, R.Fearing, and K. Goldberdgdandbook of Industrial
Robotics, 2nd Ed.chapter Microassembly, pages 1045-1066. John
Wiley and Sons, 1999.

D.J. Cappelleri, J. Fink, and V. Kumar. Modeling uncertainty for
planar meso-scale manipulation and assen/&BME 2006 International
Design Engineering Technical Conference (IDETC), Philadelphia, PA
2006.

P. Cheng. Sampling-Based Motion Planning with Differential Con-
straints PhD thesis, University of lllinois, Urbana, IL, August 2005.

P. Cheng and V. Kumar. Sampling-based falsi cation and veri cation
of controllers for continuous dynamic systems. In S. Akella, N. Amato,
W. Huang, and B. Misha, editorgy/orkshop on Algorithmic Foundations
of Robotics VI 2006.

H. Choset, K. M. Lynch, S. Hutchinson, G. Kantor, W. Burgard, L. E.
Kavraki, and S. ThrunPrinciples of Robot Motion: Theory, Algorithms,
and ImplementationsMIT Press, Cambridge, MA, 2005.

M.A. Erdmann and M.T. Mason. An exploration of sensorless manipu-
lation. IEEE Journal of Robotics and Automatiof(4), August 1998.
R.S. Fearing. Survey of sticking effects for micro parts handling.
IEEE/RSJ Int. Conf. on Intelligent Robotics and Sys.(IROS), Pittsburgh,
PA, 2:212-217, August 5-9 1995.

K.Y. Goldberg. Orientating polygonal parts without sensi#dgorith-
mica, 10(2/3/4):210-225, August/September/October 1993.

Suresh Goyal, Elliott N. Pinson, and Frank W. Sinden. Simulation
of dynamics of interacting rigid bodies including friction i: General
problem and contact modeEngineering with Computer4.0:162-174,
1994.

S. M. LaValle. Planning Algorithms Cambridge University Press,
Cambridge, U.K., 2006. Available at http://planning.cs.uiuc.edu/.

@]‘ K.M. Lynch. The mechanics of ne manipulation by pushintEEE

Int. Conf. on Robotics and Automation, Nice, Frangages 22692276,
May 1992.

K.M. Lynch. Estimating the friction parameters of pushed objetec.
1993 IEEE/RSJ Int. Confluly 1993.

K.M. Lynch and M.T. Mason. Stable pushing: Mechanics, control-
lability, and planning. International Journal of Robotics Research
15(6):553-556, December 1996.

M.T. Mason. Mechanics and planning of manipulator pushing opera-
tions. International Journal of Robotics Researd$(3):53-71, 1986.

M. Moll, K. Goldberg, M.A. Erdmann, and R. Fearing. Orienting micro-
scale parts with squeeze and roll primitivéSEE Int. Conf. on Robotics
and Automation, Washington, D®ay 11-15 2002.

J.S. Pang and J.C. Trinkle. Complementarity formulations and existence
of solutions of dynamic multi-rigid-body contact problems with coulomb
friction. Mathematical Programming73:199-226, 1996.

M.A. Peshkin and A.C. Sanderson. The motion of a pushed, sliding
object, partl: Sliding friction. Technical Report CMU-RI-TR-85-18,
Robotics Institute, Carnegie Mellon University, Pittsburgh, PA, Septem-
ber 1985.

D.T. Pham, K.C. Cheung, and S.H. Yeo. Initial motion of a rectangular
object being pushed or pulled.IEEE Int. Conf. on Robotics and
Automation 1046-1050, 1990.

M. Salganicoff, G. Metta, A. Oddera, and G. Sandini. A vision-based
learning method for pushing manipulatioRAAI Fall Symp. on Machine
Learning in Computer Vision1993b.

P. Song, J.S. Pang, and V. Kumar. A semi-implicit time-stepping model
for frictional compliant contact problems.international Journal for
Numerical Methods in Engineering\ccepted for publication 2004.

D. E. Stewart and J.C. Trinkle. An implicit time-stepping scheme
for rigid body dynamics with inelastic collisions and coulomb friction.
International J. Numer. Methods Engineerjrgp(15):281-287, 1996.
J.C. Trinkle, S. Berard, and J.S. Pang. A time-stepping scheme for
quasistatic multibody systemsinternational Symposium of Assembly
and Task PlanningJuly 2005.

T. Yoshikawa and M. Kurisu. Identi cation of the center of friction from
pushing an object by a mobile robdEEE/RSJ International Workshop
on Intelligent Robots and Systems IR®®vember 1991.



