Haptic Rendering involving an Elastic Tube for Assembly
Simulation$

Qi Luo and Jing Xiao
IMI Lab, Department of Computer Science
University of North Carolina - Charlotte
Charlotte, NC 28223, USA
{qluo, xiao} @uncc.edu

Abstract— While there is considerable research on automatic rigid parts (e.g., [1], [2]), much less research is focused o
assembly and virtual assembly of rigid parts, much less research assembly tasks involving deformable parts such as tubess wi
is focused on assembly tasks involving deformable parts such asyr deformable tools. etc. which are often more complicated

tubes, wires or deformable tools, etc. In this paper, we present . L
a novel approach for simulating the behavior of the elastic than assembly tasks with only rigid parts. Among the few

tube via haptics during virtual assembly and modeling contact Papers about assembly tasks involving deformable parts, in
forces with high-fidelity and high rendering update rate by using [3] and [4], contact states and state transitions for askemb

the physical beam-bending model. The contact force is modeled involving flexible hoses or deformable thin objects were ad-
based on different types of contact states with the effects of dressed, which are helpful on creating robust manipulation

deformation and friction taken into account. Compliant motion fi in def ble obiect blv tasks. In [5
is also simulated accordingly. We further test the virtual assembly OUtinés in deformable object assembly tasks. In [S], [6] an

method by implementing a specific assembly task and shows how[7], physically-based models (mass-spring model, FEM rhode
such a virtual assembly environment can be used to conduct or dual mechanical model) were presented to simulate the

feasibility analysis of assembly motion plans to facilitate real- physical properties of deformable cables or flexible howss,

world automatic assembly. computational costs and visually satisfying object bebrsvi
Index Terms— haptic rendering, contact state, elastic tube, were achieved in their virtual assembly simulations. Heavev
virtual assembly, assembly planning, compliant motion. the update rates of the models were at most ar@ind 30Hz,
which cannot satisfy thé& Hz requirement on update rate
l. INTRODUCTION for haptic rendering. There is little literature on hapixssed

. . . . . virtual assembly involving deformable objects.
Haptic devices allow a human user to interact with physica

objects in a virtual environment simulated in a computer and
to feel the simulated tactile feedback. With the advancémen In this paper, we study assembly operations involving an
of such devices, an attractive area of application is \irtualastic tube and present a method of virtual assembly via
prototyping of manufacturing tasks. For example, a designeaptics to simulate such operations. Our method achieves
could test the design of assembly parts and assembly prodesth high-fidelity and high rendering update rate of simatat
by performing high-fidelity virtual assembly as if workingttv by using the physical 'beam-bending’ model to simulate the
the actual physical parts in order to obtain important feetb behavior of the elastic tube during assembly and modeling
rapidly for design improvement. contact forces based on different types of contact statés wi
A typical assembly operation means a held part (by dhe effects of deformation and friction taken into account.
operator) is moved to achieve a mating configuration with agompliant motion is also simulated accordingly. We further
other part or subassembly. For high-precision or low-tolee test the virtual assembly method by implementing a specific
assembly operations, the effect of inevitable uncertsntiassembly task and shows how such a virtual assembly environ-
becomes significant and manifest to various kinds of coltisi ment can be used to conduct feasibility analysis of assembly
or contact states between the held part and the environménetion plans to facilitate real-world automatic assembly.
Thus, to simulate realistically such an operation in a wairtu
envir.onme.nt where a human operator h_oIpis avi.rtual part via 4The paper is organized as follows. In Section Il, we in-
haptic device to perform the assembly, it is crucial to sateil

th tact f d t with dels of hiah ohvsi troduce general notations and assumptions. In Sectiomwdl,
€ contact force and moment with modeis of high p ys'qagscribe how to model and represent different contact sstate

fidelity, and, gt the same time, a<_:hieve a very high re_nd_e”ﬂg/olving an elastic tube. In section IV, we present the jtsss
update rate inkHz. How to achieve the often Confl'Ct'ngbased deformation model and the corresponding contacat forc

requirements of high physical fidelity and high renderin%odel for haptic and graphic simulation and rendering. In

updat_e rate is _the major challenge of virtual assembly. ection V, we describe the implementation of our method and
While there is considerable research on automatic assem

f riid . d " irtual bl |l¥sent a specific example of assembly, and we discuss how
of rigid parts, and more recently, on virtual assembly evaluate the feasibility of assembly motion plans with th

“This work is partially supported by the National Science fdation Sa@mMe example using the virtual assembly environment. We
Grants EIA-0224423 and 11S-0328782. conclude the paper in Section VI.



Il. ASSUMPTIONS ANDGENERAL NOTATIONS a single contact region of a point, a straight-line segment,
We restrict our study in this paper to the elastic obje& Planar region. . o
scenarios as specified below. PCs were further extended to describe contact primitives fo
rigid non-polyhedral objects [10], where a surface elencant
A. Homogeneous isotropic linear elastic material again be a face, an edge, and a.vertex. A fac_e isa srr_looth sur-
' face or surface patch. An edge is a smooth intersection curve
Depending on material properties, deformable objects cgptwo faces, which can be described either parametrically o
be categorized into many types [8]. In this paper, we focys satisfying both implicit surface equations of the twoefac

on modeling deformable object that is made of homogeneoNsyertex is either an apex of a surface (such as a cone) or an
isotropic linear elastic material. This is a very commonlytersection point of two or more edges.

studied class of deformable objects in mechanics since thegyilt on the notion of PCs, a general topological contact
class covers a lot of materials including metals and Cel’t%;[hte between two r|g|d objects is defined aatact forma-
composite materials. tion (CF) consisting of the set of PCs formed.

B. Elastic tubes with only bending behavior B. Representation of contact states involving an elastic tube

In [7], it is mentioned that the qualitative analysis of the Contact states involving deformable objects are generally
deformation behavior has shown that under the magnituderobre varied and complicated than those between rigid abject
forces that could be applied manually during the operatioBpme new contact states which cannot happen for rigid abject
elastic tubes (e.g. steel flexible hoses, plastic hosesyialum are possible if one of the objects is deformable. For example
soft tubes, rubber tube, etc) could be considered as t@ijon Fig. 1a shows a contact state that is not possible if the lilkbe-
rigid as well as rigid under tension and compression loaxbject is not deformable. Moreover, the contact state sepre
cases. The deformation model is mainly characterized bytation for rigid objects is unable to tell whether a deforteab

bending behavior. object actually deforms in a contact state or not and how a
deformation happens. As shown in Fig. 1b, the two contact
C. Other physical properties cases cannot be distinguished if the contact state repietigen

. . ... does not explicitly indicate deformation; however, the two
For an elastic tube, we assume that it has evenly dlstrlbutgt%l phcitly

stiffness with a constant stiffness coefficieAt and evenl tes are different and should be distinguished.
. evenly Thus, contact state representation for rigid objects calp@o
distributed contact pressure. We use Coulomb friction Wlt@

the static friction coefficient, and kinetic friction coefficient sed directly to describe contact states involving defdiima
L objects. Information regarding deformation has to be idetu

H ID. TO S'gm“fy hEhe cascre], we ﬁlssuhme tEe grawtt))/ fo(;c;e of ﬂ]ﬁ a contact state representation for contacts involving de
((aiZSt;ﬁi:lusEeltlf?ut:ZsTu;n dstmheelr:frotreaphte errae\itct f:rgéﬁ? formable objects. How to represent properly a contact state
négilected ' 9 y involving general deformable oqucts (which can be be.n.t,
' compressed/expanded or even twisted) may not be a trivial
problem. In this paper, however, we focus on representing
D. Force from the human operator contact states between an elastic tube and a rigid objeathwh
We assume that when a human operator holds an end ofcan be done by extending the notion of PCs and CFs for
elastic tube, the force exerted to the elastic tube is apptie contact states between rigid objects with some modification
the center of the held end of the tube.

IIl. CONTACT STATE REPRESENTATIONINVOLVING AN
ELASTIC TUBE

A. Review: representation of contact states between rigid
objects

The notion ofprincipal contacts (PCs) were first introduced
to describe contact primitives between two rigid polyhédra (€] (b)
objects in terms of the surface elements in contact [9]. A . ,

Fig. 1. Examples of contact states involving a deformable:tube
surface element can be a fac€)( an edge k), or a vertex (a) a contact state that is impossible if the tube does notriaiefo
(V). A face’s boundary elements are the edges and vertigestwo contact states that cannot be distinguished if dedtion is not
bounding it, and an edge’s boundary elements are the vertiglicated.
bounding it. Formally, a PC denotes the contact betweenra pai
of surface elements that are not boundary elements of othekVe extend the notions of PCs by introducing new symbols
contacting surface elements. This ensures that PCs are tthendicate (1) deformation of the elastic tube and (2) how th
highest level contact primitives to describe a contacesfadr deformation occurs with respect to a contact between the tub
example, a face-face contact between two polyhedral abjeanhd the rigid object, i.e., the relative bending directisimce
is described just as a single face-face PC rather than irstersach information characterizes physical properties thatlme
of a set of vertex-face or edge-face contacts. Each PC defidé@ferent from one contact state to another. L&t and U




IV. HAPTIC RENDERING OFCONTACTS INVOLVING AN
ELASTIC TUBE

indicate two surface elements of the elastic tubeand the
rigid object B respectively, and each element can be a face
(F), an edge [), or a vertex () in particular. We now a‘_jd We first introduce how to model the deformation of an
new symbols to the expression of a PC betw&gnandUs:  g|astic tube with only bending behavior with the physicsdzh

« If U4 andUs are in contact whiled does not bend, the 'bending beam’ model and then describe how to simulate the

PC betweerl/4 andUj is indicated ad/4—Up (just as contact force and deformation shape change for haptic and
in the case of contacting rigid objects). graphic rendering.

o If U4y andUp are in contact whiled bends buf/, does

nUpt d;form, the PC betwediiy and Ug is indicated as A. Bending model
A—UB-

« If U4 andUg are in contact whilé/, deforms, and ifthe ~ Now we describe how deformation is computed based on

Ug is indicated ad/4—Ug (as in Fig. 2a); otherwise, if tube with outer radius,, inner radius-, and length/ (which

the convex side ot/4 contactsUp, the PC betwee® 4
andUgp is indicated ad/4—~Ug (as in Fig. 2b).

@)

Examples of contact states representations w.rformation

(b)

Fig. 2.

directions: -
(a) contact involving the concave side of the deformed elemént—Ep
(b) contact involving the convex side of the deformed elemént:-—~FE 5.

Now with the added information, there are more types of
PCs between an elastic tube and a rigid object than th$se
between a rigid tube and another rigid object, as shown in

are determined based on the undeformed shape of the elastic
tube). Assume that the tube bends at one end with the other
end held by an operator. Establish the tube coordinaterayste
as O-xyz as shown in Fig. 4, where the origin is set at the
center point of the held end of the tube, and thaxis is along

the central line of the tube before it is bent and pointinghie t
other end of the tube. The axis is along the bending force
direction, and they axis is orthogonal to both theandz axes
following the right-handed rule. A point on the tube before

it is bent has coordinate&:, y, z). Once the tube is pressed
by a forceF, at the end where = [, the tube bends, and the
new coordinates op is (z',y’, z’) satisfying

y

Fig 3. Consequently, the types of CFs between an elastic tube
and a rigid object are also more than those between a rigid

tube and another rigid object.

F-FE FE-F E-V F-F F-V F-F
\ |
I
PC types without deformation

I
PC types with deformation

Fig. 3. Possible PC types involving an elastic tube and al ridpject

\\: .
X ’Fw
4. Schematic of tube bending
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whereFE is the Young’s moduIeax, is Poisson’s ratio and, is
moment of inertia with respect to theaxis. At the end of the
tube wherez = [, the relation between the external forgg
normally applied to the end and the deformation displacémen
Ax of the end cente(0,0,) is

3ET,
3

F, = Y Az 2

B. Contact force simulation

When the end of the tube where = [ contacts a rigid
object to form a PC, the contact force can make the tube
bend. To determine how the tube bends, we need to know the
force F, exerted on the elastic tube, which comes from the
F,. (component of the contact normal support foFeealong



the z axis of the tube) andF;, (component of the tangential Accordingly, there is a shift of the deformed shape of the
friction force F; along thex axis of the tube), that is: elastic tube at time stepfrom that at time step — 1 due to
compliant motion (as shown in Fig. 5c).

Let d < e denote the minimum distance between the y Y
corresponding contacting elements in the virtual PC, where [
e > 0 is a small threshold. We model the contact normal
force F,'s magnitude based on the spring model as:

IFsl| = K(e —d) (4) T

. . . . . C pC
where K is the stiffness coefficient. To prevent penetration, @) (b) ©)

the constraint-based idea of a virtual proxy can also be used
here [12]. Its direction is always normal to the tangent plah Fig. 5. The effect of contact friction/¢. is the exerted force):

; ; a) originally undeformed tube,
the two contacting surface elements, which we call the mntz%b) Fy < fanas, the tube bends and is stuck

plane. () F > fmaa, the tube bends and slides.
For the friction forceFy, since it can be either static or

kinetic, we need to detect whether the elastic tube is stuck .
upon contact or performs a compliant motion tangentially APOVe shows how to compute the contact force at a single-

along the contact surface of the rigid object. First, assurh& contact. If two or more PCs occur, by simply decomposing
that the elastic tube is stuck at the current time stefue the tube into segments separated by the contqct(s) on thke sid
to the friction force from the rigid objed,. Since the tube Surface of the tube, the above force computing method can
coordinate syster)-zy= can be tracked via the haptic devicd®® @Pplied to each segmento compute the corresponding
at any time, the deformation of the tube’s contact end cenfe@ntact normal forc&',; and friction forceF ;, and the total
along thez axis can be calculated as the distadce between Ccontact forcer. for an-PC CF can be achieved as

the held end center to the contact end center of the tube n

along the currentz-axis. Therefore,F, can be computed F. :Z(F,si+Ffi) (6)
from equation (2). Also, from the knowR,’s direction and i=1

calculated magnitude from equation (4), itsaxis component  For example, as shown in Fig. 6, one PC occurs at the end
Fs. can be obtained as the projection I6f on thea-axis. of the tube while the other PC occurs on the side surface of
Subsequentlyf- .. can be calculated from equation (3). LBt the tube. Now we can think of the whole tube as two separated
be the angle between axis and the intersection line of thesegments: segment 1 is from the held end of the tube to the

zz plane and the contact plan, can be computed as cross-section of the tube that goes through the contact poin
on the side surface, and segment 2 is the remaining part. Now
[[F#ll = IFfz||/ cos 6 (5) for segment 1, its local fram@-z1y, 2, is the same as the

grame for the whole tube. The contact happens at the cross-
section with the contact support forég; and friction force

F ¢1, which can be calculated by the same method for a single-
PC CF. For segment 2, we view the cross-section as the held
end. We can establish a local franigzoyszo for segment

g in the following way: the origin is set at the center of the
tube is indeed stuck by the static friction so that it will nofTSS-Section, the, axis is obtained by projecting along the
have a compliant motion at the current time step. The Contélﬂrmal _dlre_ctlon of the cross-section, gnd hlleaXIS_ is along

will not change the contact point or equivalent contact 'poillnhe projection ofz; on the cross-section. For this segment,
p. on the elastic tube [15](as shown in Fig. 5b). The totéﬁ]e contact happens at the end of the tube, and the contact

contact force response from the rigid object to the elastiet SUPPOrt forceF,; and friction forceF,, can be calculated by
isF,=F, +F; the same method as in the case of a single-PC CF.

Otherwise, if [F || > fmaz, this represents an impossible For graphic rendering of a deformed tube, since the elastic

case for static friction, indicating that our assumptioattthe tubg_can be repr_esented as a point mesh,_ the change on the
elastic tube is stuck is incorrect. On the contrary, thetielasP0Sition of any point on the tube can be easily calculateafro
tube in fact makes a compliant motion. If the origiq of the (1), the shape of the deformed tube can therefore be rendered

frame of the elastic tube has moved tangentially from time

stepi — 1 to time stepi with a distanceAd, then to model the V- AN IMPLEMENTED EXAMPLE OF VIRTUAL ASSEMBLY

effect of compliant motion, we also shijft the distance\d to We have implemented the method above for haptic and
obtain its new position. Based on the new positiorpgfwe graphic rendering of contact states between an elastic tube
re-compute the tangential deformatiohand thenF ;, which and a rigid object in a virtual environment by a program in
should satisfy||F || < fmaz. The total contact force responseC++ on a personal computer with dual Intel Xeon 2.4GHz
from the rigid object to the elastic tube is then = F,+F;. Processors and 1GB system RAM connected to a PHANToM

According to [13], the maximum static friction from object
of different elasticity is proportional to the contact na@m
force ||F,||%, 2 < 8 < 1, in the empirical equatiorf, ., =
K||F,||?, where the coefficienf’ and 3 were given in [14]
for various deformable materials. For an elastic sqlid; %

Now if ||[F¢|| < fmaz, OUr assumption is correct: the elasti
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Fig. 6. Example of a 2-PC CF:
(a) contact forces;
(b) segmentation of the deformed tube into two parts

Premium 1.5/6DOF device. The human operator can virtu
hold the elastic tube at one end via the haptic device and m
any contact or compliant motion with respect to a rigid objec

al

vironment based on haptic rendering can serve as an excellen
tool to evaluate different assembly motion plans involvihg
elastic tube, using the task of inserting the elastic tukte in
the rigid guiding groove as an example.

A. Contact state graph

A contact state graph represents all valid contact statéds an
their neighboring relations between two objects. In thepbra
each node denotes a contact state, and two neighboringctonta
states is indicated by the arc between the two corresponding
nodes. Based on such knowledge, relative compliant motion
or assembly motion can be planned as a sequence of contact
state transitions connecting the starting state to the gfas.
Hence, it is quite important to acquire the knowledge of

eration of contact state graphs between rigid polyhedra
jects [16].

g contact state graph. Work has been done on automatic
0

Specifically, we have applied our method to a typical In order to obtain assembly motion plans for the example

assembly task: inserting an elastic tube into a rigid gujdi
groove (see Fig. 7). Note that the groove could be closed,
we make it open so that contact states between the tube
the inside of the groove can be seen easily. We also exagge
the clearance between the tube and the groove for the sal

purpose.

Deformable [

File Options Help

=10]x]

7

Fig. 7. An example assembly task

ﬁk of inserting an elastic tube into a rigid groove, we also

ild a contact state graph based on the extended contéet sta
epyesentation introduced earlier (Section I11.B). Figst®ws
é& contact state subgraph consisting of the possibleesipGl
ptact states between the elastic tube and the left sideeof t
groove that occur during insertion. The contact state sadgr
consists of the possible single-PC contact states betwesen t
elastic tube and the right side of the groove can be obtaimed i
a similar fashion. Besides these two subgraphs, the coeplet
contact state graph also consists of all possible muligle-
contacts that involve both sides of the groove.

B. Heuristics for state transition

While there are many more contact states when an elastic
tube is involved than the case with only rigid objects in con-
tact, not all neighboring contact state transitions enateer
in a contact state graph involving the elastic tube are égual
desirable in the insertion operation of the tube. Therefire
is useful to study some state transition heuristics to reduc
the number of state transitions and accordingly, the nuraber
assembly motion plans (as sequences of state transitions).

Here we introduce a number of heuristics for preferred state

Table | lists the values of parameters used in our implemeif@nsitions from one contact state to a neighboring corstaté
tation, wherem is the mass of the tube, and the rest of thé@ @ compliant motion of the elastic tube, taking into agttou

parameters are introduced earlier in the paper.

TABLE |
PARAMETERS USED IN IMPLEMENTATION

P Value P Value
m(kg) 1.0 g(N/Kg) | 98
m 0.7 1735} 0.08
K(N/mm) | 10 e(mm) 1.0
p(kg/m?) | 11002 E(N/m?) | 3-1082
v 052

8parameters of Rubber

friction and bending energy.

« The transition should minimize the friction force, i.e., it
is preferred to change from a multi-PC contact state to a
single-PC contact state in some cases.

o The transition should minimize the bending energy of the
tube, i.e., the transition should avoid bending the tube
as much as possible while keeping the tube in contact.
A state transition that leads to reducing more bending
energy is always preferred.

« The transition should minimize the motion distance to-
wards the goal state.

Fig. 9 shows an example of a preferred state transition to

minimize the friction as well as the bending energy.

After applying these heuristics, the numbers of state trans

In the following, we describe how our virtual assembly ertions for assembly motion plans can be much reduced, which
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start: no contact goal: insertion is achieved
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Fig. 9. An example of a preferred contact state transition

. start: no contact

states (equally preferred based the heuristics introdudeid
not always clear the transition to which neighboring contac
state is easier to achieve during the assembly operatian. Fo
example, inside the red circle in Fig. 8, there are two pdssib
transitions for the top state node to its two neighboringesod
but without knowing the exact strength and direction of the
exerted force for transition, it is impossible to know which
transition is better. In addition, some contact states show
in the contact state graph may or may not be feasible for
assembly tasks with certain motion direction. (e.g. fortthe
contact states in the green square box in Fig. 8, it is imptessi
for transition from the top-right state node to the lefttbat
one if the deformable tube is keep moving toward right).
By our introduced approach of high-fidelity virtual asseynbl
/ based on haptic rendering, the above problems of ambiguity
l / can be solved. A virtually fulfilled contact state trangitio
§ // means not only a feasible transition but also an easier tran-
‘ | sition generally. Feasible and highly robust assembly omoti
S\ \ i ‘i, plans can be found and verified, impossible contact states or
E \ infeasible state transitions in a pre-built contact stataply
A s

can be eliminated, and missing contact states can be added.
q . . . Fig. 10 shows the snapshots of a feasible assembly motion
goal: insertion is achieved  gequence to achieve the example assembly task of inserting a
elastic tube into a rigid guiding groove that we tested in our
(b) haptics-based virtual assembly environment.

Fig. 8. Example of a contact state subgraph for a specific adgeaask:
(a) schematic of the assembly task of inserting an elastic intoea rigid
groove from the left side of the groove;

(b) the contact state subgraph (note that the orange soéd Ehow simplified
contact state graph after applying the transition rulesritead in Section V- A novel approach has been proposed to represent contact

B.) states between an elastic tube and a rigid object and toatienul

the contact force including friction with or without comaifit

motion between the tube and the other object as well as tube

&gjormation due to contact for haptic rendering, which isdoa

on beam bending theory and physics-based friction model in-

volving deformable objects. Our approach avoid the drakbac

of low physical accuracy or time-consuming integrationhad t

_ ) common mass-spring models or FEM models for deformable

C. Evaluation of assembly motion plans objects. Implementation shows that our method achievds bot
Although a simplified contact state graph can be obtained piaysical realism and real-time efficiency with an update rat

applying the heuristics described, there are still somedaim of over 1kHz, including collision detection and rendering both

cases of state transition due to the deformation of the #ibe. haptic forces and graphic shape changes due to deformation.

a contact state where it has more than one neighboring donfelee paper also demonstrates its application to high-fidelit

VI. CONCLUSIONS

means the number of possible contact states is much redu
resulting in a simplified contact state graph, as shown in&ig
with the connecting solid lines.
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rendering of a feasible assembly motion sequence for ingettia elastic
tube into the rigid groove.

virtual assembly to enable effective evaluation of theifakity
and robustness of assembly motion plans.

The next step of this research is to extend the method to
deal with more complicated deformable objects and contact
situations and to further explore its application to finding
both feasible and optimized motion plans for assembly tasks
effectively.
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