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Abstract

Controlled compliance and accommodation ma-
triz techniques are considered for robust insertion of
threaded fasteners. Errors in translational positioning
are shown to be eastly corrected. Errors in the angle of
tilt between the threaded parts are shown to be much
more difficult to correct and constrain the region of
convergence for simple linear techniques.

1 Introduction

According to a study by Nevins and Whitney
[Nevins 80] the insertion and tightening of threaded
fasteners is one of the twelve most common assem-
bly tasks, yet little published work has considered the
type of control best suited for the assembly of threaded
parts. This is surprising since threaded fasteners are
unlikely to be eliminated from assembly operations
due to their ability to be reassembled many times and
to develop a variable preload, or force of assembly.

In robotics literature screw threading is often re-
ferred to as a typical task, yet, unlike the smooth peg-
in-hole problem, a robust control solution for inserting
threaded fasteners has not been presented. Recently
[Tsujimura 91] presented a system identification tech-
nique to improve position control of screw threading.
Their efforts were hampered by an imprecise robot and
lack of a model for the threaded parts. [Tao 90] used a
Remote Center of Compliance (RCC) technique, moti-
vated by [Nevins 80, Whitney 82], but again without a
model for the threaded parts. Regions of convergence
were not presented.

[Blaer 62] provides guidelines for the rotational
speed of a nut being fitted on to a bolt with a given
axial stiffness when there are no orientation errors.
When errors are allowed only for the position along the
axis of the bolt, the control problem for this restricted
case 1s one dimensional. The main result showed that
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if the bolt rotates too fast for a given axial spring con-
stant and position for the spring equilibrium point,
then the nut will not begin to thread.

[Smith 80] provides a good overview of automatic
screwdriver technology, unfortunately it is now ten
years old. The most interesting method described re-
quires monitoring of the torque and angle about the
axis of rotation as the bolt is inserted. The plot of
torque versus angle, called the “fastening signature,”
is compared against signatures for proper and failed
assemblies to determine if the insertion proceeded cor-
rectly. In this manner Smith claims the ability to dis-
criminate proper fastening from thread stripping and
thread crossing as well as detecting faulty fasteners.
According to [Weber] torque and angle monitoring is
now the standard for high performance screw inser-
tion. The data from these sensors is commonly used
for statistical analysis of failure rates by process con-
trol engineers.

Current automatic insertion methods do not guar-
antee successful insertion. Hence bolts are often
started by hand and then tightened with a machine.
Manual threading uses heuristics to ensure proper as-
sembly such as rotating the fastener the wrong way for
half a turn and then rotating in the correct direction.

There are two obstacles to the full automation of
screw threading: 1) feeding and holding the parts and
2) controlling the parts to ensure proper mating and
detect part failures in the presence of positional uncer-
tainty. Given current screw head geometries, the first
problem is considerable. [Mikels 91] has addressed it
by developing a helical head driver with a centering re-
cess. The Torx™ head is alone among current screw-
driver heads in providing control of the bolt during
insertion. For our experiments we drilled a hole in the
center of the bolt and attached it to the motor directly
to concentrate on the second problem, controlling the
trajectory of the nut and bolt.

We proceed by reviewing the fundamentals of our
screw model presented in [Nicolson and Fearing 91] in
section 2. In section 3 we discuss the maximum tilt
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Figure 1: Thread profile.

angle before jamming. In section 4 we present an ac-
commodation controller and in section b we derive
conditions for jamming given the manipulator stiff-
ness. Section 6 presents data from multiple insertions
that confirms our jamming criteria.

2 Geometry

The discussion of threaded fasteners is facilitated
with the introduction of some terms from [Blake 86]
and [Bickford 81]. Figure 1 illustrates the most im-
portant ones.

A screw thread is a ridge of constant section, called
the thread profile, wrapped in a helical fashion about a
cylinder. The pitch is the spatial period of the thread
profile. The external screw thread is the thread on a
bolt and the internal screw thread is that on a nut.
The root of the profile 1s at the smallest diameter and
the crestis at the largest. The diameter used for speci-
fication of threaded parts is the largest diameter of the
internal thread or the internal thread major diameter.
The flank is the straight part of the thread joining
the roots and the crests. If the thread were extended
to a full V the fundamental triangle height would be
reached. Instead it is rounded off or flattened at the
roots and crests.

A clearance fit provides free-running assembly by
the means of a non-zero allowance. Allowance is the
amount by which the external thread diameter is re-
duced as compared to the internal thread. This pa-
per discusses the allowance ratio which expresses al-
lowance as a fraction of the internal thread major di-
ameter.

Threads do not start immediately on a nut or bolt,
but undergo a thread run-up, also called an incom-
plete thread. The form and length of the run-up
plays an important role in the avoidance of cross-
threading. Cross-threading, which leads to an incom-
plete and wedged assembly, occurs when the first ex-
ternal thread crosses the internal thread in such a way

Figure 2: A cross-threaded bolt and nut configuration.

that the thread contacted on one side of the internal
thread is not on the same revolution as the thread
contacted on the opposite side. Figure 2 shows a bolt
in a crossed thread configuration.

2.1 Functional Description

Based on the definitions given above, a rounded
crest and root thread profile can be made with the
following four variables.

p: pitch.
d: internal thread basic major diameter.

a: allowance ratio, 0 < a < 1, where the actual al-
lowance is a * d.

p: root and crest radius ratio. The root and crest
radius are given by the function r(p) = pp. Typ-
ically p =0.1.

The ratio % determines if the bolt has fine or coarse

threads. Typically (%)fine = 2(%)00(1”6.

The thread profile can be parameterized by the fol-
lowing function of position, ¢ and thread pitch p. Fig-
ure 1 shows the function with p = 0.1. In f,, t is
understood to be t mod p and r = r(p) where p is the
argument to f,.
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If you extend the thread profile for an integral num-
ber of threads and align the ¢-axis with the z-axis in
a right hand coordinate system, a screw thread can
be created by rotating the profile about the z-axis at

d

a radius 5 and vertically shifting at the same time.

The vertical shift is p(%) where 6 is the amount of
rotation.
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Figure 3: Cross thread tilt angle

A surface in #3 may be parameterized by 2 vari-
ables. The parameters z and @ have been chosen. Thus
a point on the surface of the nut is given by the cylin-
drical coordinates: (r;p:(z,0),0,z). Similarly a point
on the surface of the bolt is given by: (r.z:(z, ), 6, 2).
regt and r;,¢ represent the external thread radius and
internal thread radius respectively. For z < 0, rqz¢ 18
undefined. Similarly r;,; 1s undefined for z > 0. The
image in Figure 2 was created using these functions.
(In the figure % =6.0,p =0.1,a = 0.05.) rip and

Tepe Include a linear thread run-up over 180 degrees.
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3 Maximum Tilt Angle

During the insertion of threaded fasteners the maxi-
mum angle of tilt decreases as the insertion progresses.
To avoid cross threading during the initial insertion
phase the first full external thread must not be al-
lowed to cross under the crest of the incomplete in-
ternal thread. We can determine the smallest angle at
which this can occur by considering the two point con-
tact configuration shown in Figure 3. One contact is
between the crest of the first complete external thread
and the crest of the incomplete internal thread. The
other contact 1s at the junction of the root and flank

® = Contact Points

Figure 4: Jamming tilt angle

of the external and internal thread. r, is the vector
between the contact points. In the worst case of @ = 0
the cross thread angle, ¢., is given as:

¢, = arctan(g, re])
P

7 3 -ayd @)
where r. i1s the vector between the contact points as
shown in the figure. The inequality comes from the
fact that p < v/3/8. Note that this angle is 1/2 that
given by [Nevins and Whitney 89] as we consider the
cross threading angle to be the minimum tilt angle for
the onset of cross threading.

For situations when the bolt has been inserted so
that fully formed threads are mating, the maximum
possible tilt will be given by the angle ¢;. ¢; may be
determined by determining the translation and rota-
tion of the bolt necessary for the points on the bolt
shown in Figure 4 to lie on the lines given by the flanks
of the nut. Using small angle approximations we de-
rive:

:2¢§@(L—®—%(ﬂ—%%)) 3)

where A 1s the depth of insertion in number of threads.
As would be expected, ¢; increases quickly with the
allowance ratio a.

Given standard bolt dimensions ¢. is typically 3
or 4 times larger than ¢;(1). This indicates, as
[Nevins and Whitney 89] point out, that for all but
the smallest fasteners ¢, is large enough to avoid cross
threading. However, if the manipulator controlling the
insertion is stiff in the tilt direction (as it would have

¢;(A)
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Figure 5: Manipulator kinematics.
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Figure 6: Controller structure.

have to be to ensure angular errors less than a few
tenths of a degree), then it may jam if the initial tilt
is greater than ¢;(1). This is explained further in the
following sections.

4 Control

If we assume the nut to be fixed in space, then the
configuration of the bolt with respect to the nut can
be described by a 6 dimensional configuration vector
c:

c= [ x 0 ]T
where x € #2 and 8 € SO(3), the rotation space. The
global origin 1s located at the center of the top of the
nut. The origin of the body, or bolt, frame is at the
center of the base of the bolt. The components of 8
and x, illustrated in Figure 5, will be referred to as:

6=[¢ ¢ 6. ]

, x:[mx Ty xz]

Using a linear model for the combined structural
and servo stiffness of the manipulator we have a force

and torque which are a function of the displacement
from the equilibrium or set-point configuration c.. We
denote the force due to the compliance of the manip-
ulator in the inertial frame by f,. The inertial torque
applied by the controller about the origin of the nut
is denoted by 7,. If we assume quasistatics, the total
force and torque on the bolt due to contact with the
nut is given by:

] = memo @
where K 1s the stiffness of the manipulator.

In the presence of low sensor noise and low uncer-
tainty in the relative position between the sensor ori-
gin and the origin of the bolt held by the manipulator,
7, and f, can be estimated with:

f. ] _ f,
7. | | Ts — 1 x £

where f; and 7, are the sensed force and torque at
the sensor origin and r; is the vector from the sensor
origin to the bolt origin.

Assuming that the manipulator allows velocity con-
trol and is fitted with a force sensing device, we can
use an accommodation matrix [Schimmels 90] to servo
the velocity based on the force feedback according to:

. . £,
c. = ceo—A[+a] (5)
Figure 6 illustrates the controller structure.

The choice of non-zero elements in A is based on
our assumptions about initial positioning uncertainty.
Since we typically will want the fastest response pos-
sible, the magnitudes will be chosen to be the largest
that ensure stability of the controller based on the
servo rate.

5 Accommodation and jamming

We start by noting that errors in x may be easily
corrected as nuts typically have large chamfers. Thus,
as the analyses of [Nevins 80] and [Schimmels 90]
show, either low stiffness or high accommodation will
correct for these types of errors. Qur main concern be-
comes the control of the tilt angle and the avoidance
of cross-threading and jamming.

To guarantee proper assembly of the threaded fas-
teners with a simple linear controller, the initial value
for ¢ = ¢, must be less than ¢. during the initial in-
sertion phase. This can be seen from figures 3 and 4,



as an error of ¢;(1) < ¢, < ¢, will result in a correct-
ing torque 74, but an error of ¢, > ¢, will result in a
T4 that will increase ¢.

If we know ¢, < ¢. than we can use a controller
with a high tilt stiffness to ensure that it does not
tilt beyond ¢. during the assembly. In doing this,
however, we must avoid jamming that may occur if
G0 > ¢j(1)'

To derive the jamming condition we first assume
that due to either low stiffness or high accommodation
f, is small. Jamming for ¢, < ¢. will be due to a two
point contact as illustrated in Figure 4. The condition
for jamming is:

ft < /’Lfn

where f; and f, are the magnitudes of the tangential
and normal forces. At each contact, then, f., is:

fc, = fn,ﬁg, + ft,{’c,

The surface normal at the contact points can be
found from equation (1) and the direction of sliding

will be:
v.=x+ R(H)xb

where x3 is the location of the contact point in the
bolt frame. If we neglect the helix angle and assume
the contacts to be on the nut flank at # = 0 and 8 = =
with the depth of insertion A = 1, we can simplify this
considerably using:

—% (I—a)d—r 0
n, ~ 0 | ,r.~ Ve | —1

0
2 £+ :

where n, is the normal at one contact and the negative
of the normal at the other, r. 1s the vector between
the contact points, and v, is the direction of sliding.
Under the assumption f; = 0 the contact forces and
moment arms are equal and opposite and:

rexf, = 1,415+ 7y

We can now derive the condition for jamming as:

A(1—ayd—rp
b+ VBr+VB(1—ayd—r) °

< e (6)

T, <

Recalling our stiffness formulation for the manipu-
lator let:

Tp = Ky(do — ¢5(A))

If we assume the controller can assert a maximum
7, of 7, then we can see why a simple linear stiffness
will not help for situations in which ¢;(1) < ¢, < @..
For jamming to be avoided we must have:

¢o > ¢](/\)
¢o < ¢](/\)

for A as large as the depth of insertion, often as large as
10. For most practical situations this will yield either
a controller too compliant to avoid cross threading or
a controller with a large maximum torque.

An alternative would be to maintain a large K,
until A = 1 and then decrease it as the danger of
cross threading will be passed. Identification of this
situation is of key importance for future research.

_ 2UTm
Ky < { YECIETIEN) (7)
o0

6 Experiments

Given the previous results, we constructed the ap-
paratus shown schematically in Figure 5 to corrobo-
rate them. A two degree of freedom Sawyer motor in
combination with 2 dc servo motors, a rotary stepper
motor and a six axis load cell controlled the position,
velocity, and stiffness of the bolt. The force sensor
was accurate to 0.1 N and 0.3 Nem. The RobotWorld
module can be positioned with an accuracy of 0.0005
cm. The dc motors controlled servo compliance in the
x, and @, directions. A 1KHz loop tracked the set
velocities from a 25Hz loop that read from the force
torque sensor. The manipulator can be described by
the following stiffnesses:

K = diag|[ K, Ko ]
K, = [170 170 70]%
Ky, = [50 50 2.6]&1;1

During insertion the nominal trajectory was:

. ol 17
¢, = [0 0 —0.0238¢% 0 0 -—57.3°% ]

To correct for errors in x the following accommo-
dation matrix was used:

cm

A =diag] 0.03 0.03 0.0 0.0 0.0 0.0]S N




p d a | ¢;(1) | &
0.14cm | 1.46 ecm | 0.024 0.8° 2.8°

Table 1: Bolt parameters.
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Figure 7: XY Trajectory during assembly, whole and
magnified parts

The magnitude of the accommodation was the largest
possible that would not be unstable at the 25Hz up-
date rate. Table 1 shows the bolt parameters and pre-
dicted tilt angles for the bolt used in the experiments.

In reviewing the experiments we first review data
from single trials and then we will review data from
all the trials. Figure 7 shows that the simple accom-
modation controller could easily correct for errors in
x. The top plot shows the path from the initial offset
in z; of 0.3 cm and the enlarged plot shows an inter-
esting spiralling motion that occurs once the bolt is
inserted by more than one thread. In this case the tilt
angle was kept small to ensure proper insertion with:

c.(0)=1[ 03ecm 0.0 00 02 00 00]"

Figure 8 shows how the fastening signature, or plot
of 1, versus 0, varies with ¢. For ¢ near ¢., 7, in-
creases sharply with @, , whereas for a smaller tilt the
increase 1s more gradual.

Figure 9 confirms the effective friction angle pre-
sented in equation (6). If we take ;1 = 0.18, which is
typical for a steel/steel contact [Oberg 46], then equa-
tion (6) predicts 7, /7y of 0.21, which compares favor-
ably with the data.

The most interesting results come from checking
the validity of the tilt angle equation (3) and the stiff-
ness condition equation (7). To do this we ran 110
insertions varying the initial configurations with:

T, (N*cm)

-10.0

. .
0.0 360.0 720.0
6, (degrees)

Figure 8: Fastening signature for different tilt angles

0.2

/T,

01 r

0.0 . .
450.0 540.0 630.0 720.0
6,(degrees)

Figure 9: Effective friction when ¢, = 1.2.

x, = 0.42cm
03 <2, <03, —-03<x,<03
—1080 < 4, < =720, 0< ¢, <25

The insertions terminated if either 7, < —8.0Ncm
or if z < —2.2p. Figure 10 plots the trials showing
the number of engaged threads before termination for
different values of ¢,. Also plotted is the inverse of
equation (3):

Moy = 5+ 2B = (=B +5) (9

As you can see the line for a = .024 does not fit the
data as well as for @ = .035. The value of a« = 0.024
was determined by measuring the amount of transla-
tion freedom for the nut once inserted. Figure 7 shows
this may be even a generous estimate. An offset of a
tenth of a degree of our apparatus would also explain
this difference. We were encouraged that the slope of
the data, though very steep, does match equation (8).
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Figure 10: Number of threads engaged at termination
7 Conclusions

We have presented a model for compliant insertion
of threaded parts and compared that model to exper-
imental data. It is clear that control of the tilt angle
is essential to ensure proper mating. It is also clear
that a simple linear controller will not work due to the
confusion between torques about the tilt direction due
to a jam and those due to cross threading. The slope
of the fastening signature does give some indication
of the degree of tilt, however it is not a clear enough
indicator by itself to determine the tilt angle. Future
research should focus on methods to determine the tilt
angle from force information.
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