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abstract

An analytical procedure evaluates contact zone characteristics and stiffness properties
of circular filamentary brushes. On the basis of a large displacement mechanics
analysis, filament force is evaluated for quasi-static brush contact with a flat plate. Brush
stiffness properties are obtained by supenmposing individual filament contact forces.
Numerical examples are presented which examine contact zone charactenstics and
brush stiffness properties for a range of filament-work-part friction coefficients.
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ABSTRACT

In this paper, an analytical procedure is outlined which can be used for evaluating contact
zone characteristics and stiffness properties of circular filamentary brushes. On the basis of a
large displacement rnechanics analysis, filament force is evaluated for quasi-static brush contact
with a flat plate. Brush stiffness properties are obtained by superimposing individual filament
contact forces. Numerical examples are presented which examine contact zone characteristics and

brush stiffness properties for a range of filament-workpart friction coefficients.
1. INTRODUCTION

The use of computer-aided manufacturing methods has proven to be eflective for reducing
machining costs and for improving product quality and consistency of performance. However,
primary machining operations such as drilling, milling, and turning can produce burrs, sharp
corners or an undesirable finish. Such surface anomalies can lead to component assembly problems
and unacceptable part performance or appearance. Thus, deburring and polishing operations
are often necessary and may require the use of special tools for removing stnall amounts of

material from workpart corners and edges as well as extensive surface areas. Although a variety of



MR89-143-2

deburring and surface finishing techniques have heen developed, mannal methods are frequently
employed which utilize both rigid and compliant tools such as abrasive grinding wheels, files,
coated-abrasive belts, brushes and cloth buffing wheels. Such methods are laborions, and can
account for up to 35 percent of the final cost of the part. Furthermore, manual methods of
deburring and surface finishing can yield widely varying quality of the final part and thus, may
result in rejection of the part or contribute to reduced product performance. Automated burr
removal and polishing is, therefore, an attractive alternative for reducing the cost of manufacture
and increasing overall quality of the product.

In recent years, robotic methods have been developed which employ brushing tools for auto-
mated deburring and surface finishing processes. Thus, it is essential that a clear understanding
of brush properties and performance characteristics be developed in order to ensure their accurate
and efficient use, since the stiflness properties of brushing tools play a crucial role in assessing
the dynamic response and stability of a robotic system. Furthermore, the material removal rate
and surface finish quality of a workpart is closely related to the brush forces which are developed
during burr removal and polishing applications. Limited technical information is available in
the literature concerning the stiffness properties and machining forces of brushing tools. Recent
analyvtical studies have heen performed by the authors[1| which examine wire filament forces and
hrush stiffness properties for contact with a flat, {rictionless surface. [Towever. ilament friction
forces play a crucial role in the stiffness response and material removal process and. therefore.
must be included for an improved prediction of brushing tool performance.

In this paper, a mechanics-based procedure is developed for examining the role which friction
plays in the contact zone charateristics and stifflness properties of circular brushes. Conlomb
friction is assumed at the interface of the filament tip and workpart surface and, nn the basis
of a large displacement mechanics analysis, filament force and deformation is examined. Brush

stiffness is reported for quasi-static filamnent contact with a flat workpart.

2. MECHANICS ANALYSIS OF CIRCULAR BRUSHES

The geometry of an idealized circular brush prior to deformation is illustrated in Figure
L. All filaments are initially straight and of equal length t. Each filament is assumed to be
clamp-supported at the hub circumfcrence and is aligned along the radial direction.

Geormetry of a single filament in contact with a flat rigid workpart is depicted in Figure 2.
The filament angle Q defines the wire orientation at the hub. In particular. the position of the
filament at initial contact with the workpart is defined by the contact angle Q¢ and is celated
to the brush penetration depth A, hub radius rp, and filament length t through the following

geometric relationship:

A

rn Bt

Qe = -cos™ (1 -

). (n

[n addition, the release angle Q1 corresponds to the filament configuration immediately hefore
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the filament tip is released from the workpart surface S. The linear coordinate £ is measured
from the point of initial filament-workpart contact, and locates the filament tip throughout the
duration of contact such that 0 < € < £g, where €p is the length of the contact zone.

The configuration of a single deformed filament is illustrated in Figure 3, along with the
normal and tangential components of the resultant reaction force F,., exerted by the workpart
on the filament tip. The friction force f is assumed to be related to the normal force F through

Coulomb’s law:

f=uF, (2)

where p is the coeflicient of kinetic friction. Also shownin Figure 3 is the undeformed configuration
of the filament along with the component forces F;, F, and resultant force F,,, which, when
applied to the filament tip, result in the appropriate displacement on S. One may readily show

that the following relationships are valid:

F, = Freyc08(a - (1), ' (3)
Fy = Fregsin(a - Q), (4)
F -
Fres - COS(Q)’ (3)
with
a = tan"'(u) (6)

where a is the friction angle.
A geometric relationship for the displacement of the filament tip on § is readily obtained by

assuming the following general representation for the deformed filament:

v = v(u), (

bl §
~—

where v is the transverse displacement in the y-direction, and u is the z-coordinate of the section
of interest after deformation. Thus, if v = u* corresponds to the coordinate of the filament tip,
then the displacement of the tip is v* = v(u"). Since the filament tip must lie on S, one may

show that the following geometric constraints must be satisfied:
u* = (rp + t)cos(N - Q¢) + €sin(Q) - ra, (8)

v" = (rp + t)sin( — Q¢) — Ecos(N). (9)

Assuming that axial deformation of the filament is negligible, a third geometric constraint may

be obtained in integral form:

/ L+ [v'(u)]?du = t. (10)
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The slope of a deformed fAlament may become large during hrushing processes and. therefore.
it is necessary to use the exact expression for the bending moment-curvature relationship of an

elastic filament (2]:

M(u) v (u)
El - (4 W@PpPr .
where
M(u) = (u* = u)Fy + {v(u") — v(u)|F; (12)

is the bending moment at section u, and primes (/, /) denote differentiation with respect to u.
Thus, by utilizing Eqgs. (3), (4), (5) and (6) in conjunction with Eqgs. (11) and (12), the governing

equation for bending of a single filament may be written as

v"(u) = EF—}\/I + {1+ [V ()PP {sin(a - Q)(u* —u) + cos(a — Q)[w{u") —v(u)i}. (13

Boundary conditions at the hub are given by

while the condition of zero moment at the filament tip dictates that
v'(u*) = 9. (16)

Equation (13), boundary conditions (14), (15), and (16), and the geometric constraints (8), (9).
and (10) comprise the mathematical formulation for constrained deformation of a single filament in
contact with the workpart. Thus, for specified values of ¢, ry, A, . 2, and £/, the parameters
to be determined are »(u), u*, &, and F. In the next section a svstematic procedure will be
summarized for obtaining a numerical solution to the problem.

[t is interesting to note that the form of the above mathematical model indicates that a
change in the filament flexural rigidity EI will only alter the solution by changing the normal

force in direct proportion; that is

.

—— = constant. (1

E
for any choice of EI. Thus, if a normal force F| corresponding to flexural rigidity (£7), has been

determined, then the normal reaction associated with (E[l); can immediately be obtained from

- Fy. (18)

The deformed filament shape. or elastica, will not be influenced by the change in £7.
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(Jpon obtaining a solution for the constrained deforination of a single filament, one mayv
evaluate the overall properties of a circular brush by appropriately superimposing the contribntion
of each filament in contact with §. For example, the service torque T (per plane of filaments)

required to keep the brush in equilibrium at a penetration depth A, is given by

Ns
T=Y T, (19)

=1

where Ng is the number of filaments in contact with S, and
T,':(Y‘), +t+A)f,'—[(T), -+ t)sin(QC)+£,<]F,' (20)

is the torque associated with the i*" filament. Similarly, the inagnitude of the resuitant force

between the brush and workpart for a single plane of filaments may be obtained from

1 &
F= o) ZF.-. (21)

The resultant brush stiffness A is defined as the local slope. or tangent stiffness, of the F-QA

response curve:

a
= —, 22
k=07 (=2)

The corresponding normal and shear stiffnesses of a brush, per plane of filaments. are given by
Kn = Kcos(a), (23)
and
K, = Ksin(a), (21

respectively. Overall brush stiffness may be obtained by summing the contribution of ail planar

sections of filaments for a particular brush system. Thus, the overall resultant brush stiffness is
K =nl, (25)

where n is the number of planar sections occupied by filaments, as shown in Fignre 1.
As noted previously, the relatinnship'FL, = constant is valid {or any choice of flexural rigidity
FI. Thus, numerical results for force, torque, and stiffness will be reported in the more nseful

‘due P K
reduced forms &, 7. and 7.
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3. SOLUTION METHOD FOR EVALUATING CONSTRAINED FILAMENT
DEFORMATION

In this section, the numerical method used for obtaining solutions for constrained filament
deformation is briefly outlined. By employving a standard reduction of order technique{3|, Eq.

(13) is rewritten

91(u) = g2(u) (26)
F 2
g2(v) = = g7V + @21+ g3 (u)]? [sin(Q)(u” - u) = cos(R)(v" - g1(w))] (27)
along with the initial conditions
4 9:(0)=0 (28)
72(0) =0 (29)

where the change of variables g,(v) = v(u) and gz(u) = v'(u) has been employed.
The solution procedure used in the present research employs an iterative approach for ob-

taining F and Q which, in addition to satisfying Eqgs. (26)-(29), also minimizes

Uy =v7 = g1 (u”)] (30)
P, = |t - / \/1__-%— g3(u) dul. (31)
Jo

Thus, Eqs. (26)-(31) comprise the system of differential equations along with the appropri-
ate boundary conditions and constraints which, when satisfied. vield solutions for quasi-static
filament-workpart contact. Addition details concerning the procedure used for abtaining nnumer-

ical solutions for (u,v) along equispaced ) (k = 1,2,...) can be found in Ref. 1.

4. RESULTS AND DISCUSSION

[n this section, numerical results are reported for filament contact zone characteristics and

brush stiffness properties for a range of penetration depths and [riction conditions. Forillustrative

purposes, the overall brush diameter D = 15.21 em (6.0 in.), brush geometry t/rp = 1.0, and
number of planar filaments N = 500. are used throughout the numerical studies. Nnmerical

solutions are obtained which satisfy Eqs. (26) and (27), along with the conditions (28)-(31). The
filament-release mechanics for friction-free contact with a flat plate has heen discussed by the
authors in an earlier paper(l]. The release angle Qp reported in the current research is taken as
the largest value of 2 for which a numcrical solution can be obtained.

[n Figure 4, the magnitude of the resultant filament force F.,,, £ I along the workpart coor-
dinate € is illustrated for penetration depth & = 0.251 em (0.1 in.). Frictionless filament contact
yields a large resultant force and resultant force gradient near the release position. €. How-
ever, filament contact forces undergo a rapid decline as the [rictional coeflicient is increased from

g =0.0to g =L.5.
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The effect of friction on the distribution of filaments P = (1 — V¢/Ng), along the normalized
contact zone & = £/¢g is shown in Figure 5 for a brush having N = 300 equispaced filaments,
subjected to penetration depth & = 0.254 em (0.1 in.). The nomenclature ¥V, and Ng refer to
the numbers of filaments on S over the partial region 0 < £ < £ and the total contact zone &5,
respeclively. It is observed that workpart friction has a negligible effect on the filament population
distribution along the workpart. That is, for the range of frictional conditions examined, a sparse
number of filaments are located near the release position £ = 1, while a large percentage of

filaments occupy the initial contact region £~ 0.

In Figure 6, the relationship between contact zone size ép and penetration depth A is ex-
amined. The size of the contact zone is virtually unaffected [or the range of friction coefficients
it =0.3to u =1.5. However, an abrupt increase of the contact zone size (approximately thirteen
percent) is noted when comparison is made between the results reported for p = 0 and u # 0).

Resultant brush force F/EI for various brush penetration depths A and friction coefficients
p is illustrated in Figure 7, whereby it is noted that an increase of filament-workpart friction leads
to a consecutive reduction of the resultant brush force. Furthermore, it is observed that for all
frictional conditions reported, an essentially linear relationship between F/E[ and A is obtained
for A > 0.2 em (0.079in.).

In Figure 8, the relationship between applied brush torque T/LET and brush penetration
depth A is examined for a range of frictional coefficients. [n each case, an increase of friction
coefficient yields an increased brushing torque for the quasi-static service load. Furthermore.
an approximately linear crelationship between T/EI and A is obtained for the range of {riction

coefficients and brush penetration depths reported.

The bhrush stiffness properties which were evaluated on the basis of Eq. (22) along with
the data appearing in Figure 7, are shown in Figure 9 for various frictional conditions. An
apparent reduction of brush stiffness is nbtained as the flament-workpart friction coefficient is
successively increased. However, the stiffness reduction is greatest at small penctration depths
(& 0.2 cm (0.079in.)), and least at large penetration depths. [t is interesting to note that. at
the greatest penetration depth examined (A = 0.762 em (0.3 7n.)), the brush stifiness properties
are approximately uniform for all friction conditions examined. This observation is consistent

with the similar slopes that are reported in Figure 7 at the greatest penctration depth.

Brush force and stiffness component data can provide engineers with important information

‘ concerning the anticipated performance of brushing tools during polishing and deburring appli-

cations. Thus, the hrush stiffness reported in Fignre 9 for 4 = 0.6 is repeated in Figure 10, along

with the associated normal and shear stiffness component properties i, and N, respectively.

5. SUMMARY AND CONCLUSIONS

The eflect of workpart-filament friction on brush performance properties hias been investi-
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gated by means of a quasi-static l[arge deformation elastic analysis. A mechanics-based formnlation
has been employed in conjunction with a systematic numerical procedure to solve the problem of
constrained deformation of a single filament. Overall brush properties were subsequently obtained
by superimposing the forces associated with a distribution of filaments located along the work-
part surface. Force and torque quantities were reported to he proportional to the flexural rigidity,
EI; therefore, these data have been reported in reduced form (scaled by EI) in order to render
the numerical results applicable for a range of filamentary materials and cross-section shapes.
Additional theoretical considerations are currently being examined by the authors, including the
effect of workpart geometry on brush stiffiness response and contact zone characteristics. Other
aspects of the problem which merit attention include the evaluation of brush width distortion dur-
ing brushing processes, and the assessment of dynamic brush properties associated with steady

rotation of the brush.
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Fig. 1. Geometry of a Ciccular Filamentary Brush
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Fig. 2. Delormation of a Single Filament at the [nitial, [ntermediate and Release Positions
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Fig. 3. Deflection of Filament and Corresponding Filament Load for the iniriat and Deformed

Conligurations
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Fig. 1. Filament Force F..,/EI Along € Coordinate for g = 0.0. 0.3. 0.6 and 1.5
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Fig. 6. Length of Filament Contact Zone £p vs. Brush Penetration Depth A for g = 0.0, 0.3. 0.6

and 1.5
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Fig. 7. Brush Resultant Force _57;, vs. Brush Penetration Depth A for = 0.0, 0.3, 0.6 and 1.5
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Fig. 8. Brush Resultant Torque g? vs. Brush Penetration Depth A for g = 0.0, 0.3, 0.6 and
1.5
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Fig. 9. Brush Stiflness Fﬁf vs. Brush Penetration Depth A for g = 0.0, 0.3, 0.6 and 1.5
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. 10. Normal, Shear and Resultant Brush Stilfness vs. Brush Penetration Depth A for g =06



