William D. Clark

Document Scanner Mechanism

A document scanner mechanism, developed for use in a conventional copier having mirrors which scan a document and
reflect the image onto a rotating photoconductor drum, is described in this paper. The engineering design and operation
of the mechanism are presented, and the development of an analytical model for simulating its operational character-
istics is described, together with the results and conclusions of the simulation. A novel means of generating the scan mo-
tion and the important design considerations leading to the development of the scanner mechanism are also presented.

Introduction

The mechanism discussed here was designed for use in a
plain paper copier similar to those produced by IBM.
These copiers reproduce documents by scanning an illu-
minated document onto a sheet or panel of light-sensitive
material containing an initial surface charge. The docu-
ment is illuminated and light is reflected by the white
background area of the original and focused by a lens
onto the light-sensitive panel, causing it to conduct and to
discharge the white background areas. This leaves a sur-
face charge on areas corresponding to where dark letters
exist on the document. Dry ink particles, charged with
opposite polarity to the remaining surface charge of the
panel, are used to develop the remaining charge on the
panel, thus forming a mirror image of the original. The
dry ink is then carefully transferred from the light-sensi-
tive panel to a sheet of copy paper, is fixed by heat, and a
copy is made.

In the copier of interest here, the light-sensitive photo-
conductor (PC) material is wrapped around a rotating cyl-
inder referred to as the PC drum. The document is placed
on a flat plane and is scanned by a four-mirror scanning
system similar to that used in the IBM Copier II. In the
scanning system, illustrated in Fig. 1, the lens is fixed and
mirrors are arranged in such a way that the document can
be scanned while keeping the distance between the docu-
ment and the lens constant. The mirrors which scan the
document are carried on the first and second carriages.
The second carriage moves at half the velocity of the first

carriage, thus keeping the image on the document plane
focused on the drum. If the first carriage travels at the
same velocity as the surface of the drum, a clear image of
the document will be placed on the photoconductor; if it
does not travel at that velocity, the image will be blurred
because of optical smear caused by position errors be-
tween the two.

An imaging lamp is mounted on the first carriage in
such a manner that as a document is scanned it is illumi-
nated. If the scanning elements and the drum move at the
same but nonconstant velocities relative to the document,
some portions of the document may receive more illumi-
nation than others, resulting in lighter and darker areas on
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Figure 1 Four-mirror scanning system.
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Figure 2 Ideal velocity program.

the copy. Figure 2 shows an ideal velocity program for
the system described. Acceleration of the first carriage
must be kept low enough to ensure that the lamp fila-
ments are not subjected to excessive acceleration. The
relative positions of the first carriage and the drum must
be correct to ensure proper registration between the copy
and the original document.

All xerographic copy machines which do not flash-ex-
pose a document have some means of connecting the
scanning optics with the rotating drum. Some of these al-
ternatives will be discussed later in the report. The gear
drive and cable drive optics mechanisms, which will be
described in additional detail subsequently, are novel
means of coupling the rotating drum and the scanning op-
tics.

The first two sections that follow briefly discuss the de-
sign requirements for the mechanism and the alternatives
that were considered in view of those requirements. The
operation of the gear drive and the evolution of its final
design are then described in some detail. An analytic
model of that design and a discussion of the IBM Continu-
ous System Modeling Program (CSMP) [1], used for sim-
ulation, are presented next, followed by the simulation
results which led to successful implementation of the
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drive. A summary and some conclusions regarding the
project are given in the final section.

Requirements

A number of significant design considerations stemmed
from several major requirements imposed on the design.
The most important of these were motion of the optics,
mechanism cost, and serviceability, in addition to meet-
ing specified size and performance characteristics.

® Kinematic requirements

Position accuracy and image growth constaints required
that both ends of the image be placed on the photocon-
ductor within 0.1 mm of a reference each time a copy was
made.

The absolute velocity variation requirements were con-
strained by the document illumination. The specific al-
lowable first carriage velocity error was a function of fre-
quency, of PC response, and of aperture width, with five
percent a reasonable goal.

The variation of the relative velocity of the photocon-
ductor drum with respect to the scanning optics had to
allow imaging at twelve line pairs per millimeter. Specific
allowances were a function of frequency; the goal chosen
was one percent.

The acceleration goal for the first carriage was 10 m/s”.
The surface velocity of the drum was approximately
350 mm/s.

® Cost requirement
The cost of the mechanism was to be compatible with low
product cost objectives.

® Size requirement

The mechanism had to fit inside a cylinder 150 mm in di-
ameter and 75 mm long. The maximum allowable dis-
tance for deceleration at each end of scan was 15 mm.

® Service requirement

In order to facilitate servicing of the mechanism if re-
quired, the drive was to be modular with no special tools
needed for its replacement.

Alternatives

A number of alternative design choices for the mecha-
nism were considered. In each case, the evaluation cri-
teria used to judge design possibility were how well the
particular design would satisfy the requirements here-
tofore described in regard to position accuracy (0.1 mm),
absolute velocity error (5%), relative velocity error (1%),
acceleration (10 m/s®), cost (low), and service (modular).
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Some of the alternative means used for moving the ol
scanning optics in a copier are listed in Table 1. A cam
and linkage similar to that used in the IBM Series III
would meet the dynamics requirements, but at a cost con-
siderably greater than the low cost requirement; the same @ ( pulley
was true for a motor with speed control. A lead screw \Cable
mechanism would meet all of the requirements except l First carriage
cost. Electric clutches and mechanical dog clutches used -
in low-cost, low-speed copiers would have unacceptable o
registration and excessive accelerations when used at
scan speeds of 350 mm/s. A combination of cams and /.
clutches as used in the IBM Copier II and as described |
previously in the IBM Journal of Research and Develop- (b) Q N ik
ment [2] would satisfy all the requirements except cost
and size.

'Lﬁ To machine drive

V7 Turnaround

—-

The gear drive optics mechanism, a novel approach to TTTTTTTTTT 77T 777777777777 777777777
the scanning optics problem, is the subject of this paper.

The description and operation of this mechanism are pre-
sented in the next section. Additional details regarding %

the mechanism may be found in the patent description [3]. (' .
) (c) ¢

Description of the mechanism

-————

® Scotch yoke mechanism

A ﬁnique constraint of this scanner application is that the
optics scans the document during one dmm revolution Figure 3 Scotch yoke mechanism: (a) modified mechanism
and then rescans during a second drum revolution. This considered here, (b) first carriage near end of rescan, and (c)
suggests a modified scotch yoke mechanism, shown in first carriage scanning.

Fig. 3, where the cable is twice the length of the drum

circumference and the turnaround pulleys cause the ca-

ble and the first carriage to drive at the surface speed of Table 1 Drive alternatives.

the drum. The cable always drives at constant speed in

7777777777777 777777777777777777777

one direction, and proper attachment of the first carriage Mechanism Evaluation

to the cable will cause the carriage to move back and Dynamics Cost Service

forth as shown in Figs. 3(a), (b), and (c). This system has

a potential exposure because the cable must be toothed to cam and linkage good high good

ensure proper registration. It was felt that the teeth would lead screw good moderate  good

cause excessive perturbations in the scan velocity. . . ,
. motor with speed good hlgh poor

® Cable drive mechanism con'trol . .

To eliminate the exposure of the excessive velocity varia- electric clutches rei‘ﬁgﬁf:able moderate  good

tions during scan, the cable drive mechanism was pro- .

posed. To understand how the drive operates, consider mechanical clutches poor moderate  poor

the mechanism of Fig. 3 folded into the arcuate configura- chtr"i‘hﬁ‘i’:" withbelt  questionable  low good

tion shown in Fig. 4. As indicated in Fig. 4(a), instead of
being pulled tight by the turnaround pulleys at the end of gear drive mechanism  questionable low good
scan, the cables are now additionally supported by the
idler and drive sprockets which rotate about the drive
axis. The oscillating member is constrained to rotate

about the drive axis as it is driven by the cable, as shown The connection between the cable and the oscillating
in Fig. 4(b), and will rotate back and forth around the member is shown in Fig. 5. The oscillating member is
turnaround pulleys in much the same way as the first car- connected with the first carriage, so that the optics car-
riage reciprocated in Fig. 3. riages reciprocate as the pulley oscillates. 417
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Figure 4 Cable drive mechanism: (a) illustrating cable position

before and after folding, and (b) illustrating constraint of motion
of oscillating member.

Oscillating member

7

Figure 5 Drive pin and oscillating member.
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The configuration of Fig. 4 allows both of the turn-
around pulleys to be idlers if one of the sprockets is used
to drive the cable. The driving sprocket is rigidly con-
nected to the photoconductor drum so that the two rotate
together.

The operation of the cable drive mechanism is briefly as
follows. The PC drum rotates constantly in one direction,
and as it does, so does the drive sprocket, which is rigidly
connected to the drum axis. The drive sprocket causes
the cable to move constantly in the arcuate path shown in
Fig. 4(b). The cable carries the drive pin with it in its path
around one turnaround pulley, the idler sprocket, the
other turnaround pulley, and then back to the drive
sprocket. When the drive pin is on the drive sprocket
side, the oscillating member is turning in the same direc-
tion as the PC drum, pulling the scan carriages to properly
image the document. When the drive pin is on the idler
side, the oscillating member is counterrotating relative to
the drum, thereby resetting the scanning optics back to
the start of scan.

& Gear drive mechanism

The configuration shown in Fig. 4 has severe limitations
associated with the drive member, the part which was a
cable in Figs. 3 and 4. No means can be envisioned which
will allow the flexibility required to turn around all the
pulleys, to provide the timing required to drive the idler
and turnaround pulleys, and at the same time to reliably
connect to the oscillating member. The cable is an unac-
ceptable implementation of this concept.

To arrive at the gear drive scan mechanism shown in
Fig. 6, the cable was removed, and the drive sprocket, the
turnaround pulleys, and the idler sprocket were geared
together. The drive gear drives the turnaround gears,
which in turn drive the idler gear. Each of the gears has a
means of holding the drive pin, allowing the pin to be car-
ried from one gear to the next in the path shown in Fig. 6.
The turnaround guide constrains the drive pin when it is
in the pockets of the turnaround gears, and the stationary
member constrains the drive pin in the pockets of the
drive or idler gears.

The drive pin is constrained in the oscillating member
in the manner shown in Fig. 5, but without the cable.
When the drive pin is in the pocket of the drive gear, the
oscillating member rotates in the same direction as the
drum, and the optics is scanning. When the drive pin is in
either turnaround gear, the oscillating member is deceler-
ating. This situation is similar to what is happening in Fig.
3(b). When the drive pin is in the pocket of the idler gear,
the oscillating member is counterrotating relative to the
drum and the optics is retprning to the start position of the
scan.
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Figure 6 Scan mechanism.

" Except for backlash and spring rates present during
scan, there is a rigid connection between the input shaft,
the scan gear, the drive pin, the oscillating member, and
the scan carriages. No motion to the scanning elements is
transmitted through the gears. During the rescan, that
portion of the cycle when the optics is returning to the
starting position, the driving force is transmitted through
the gears and the velocity ripple is of no importance.

Mechanism design

After considering the alternatives presented in Table 1,
the decision was made to use the gear drive mechanism
shown in Fig. 6, since it was compact enough to fit inside
the volume allowed, it lent itself to low-cost manufacture,
and it could be built in a completely modular manner, re-
sulting in acceptable serviceability.

From a kinematic viewpoint, it appeared that the drive
would have acceptable velocity characteristics during the
scan. The maximum kinematic acceleration at the turn-
around was calculated to be 9.2 m/s when modeled as the
scotch yoke mechanism of Fig. 3 with the cable traveling
at 350 mm/s around d 13.3-mm-diameter turnaround
pulley. However, when backlash, stiffness, and other dy-
namics are considéred, the performance of the gear drive

appeared to be questionable.

A mechanism was built and tested to address these con-
cerns, since a simulation was thought impractical at the
time because of many unknown spring rates, masses, and
backlash conditions in the actual hardware. Figure 7 illus-
trates typical velocity data taketi from the actual hard-
ware and shows a maximum of 16% relative velocity dif-
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Figure 7 Hardware velocity data.

[+— BACKLASH

Figure 8 Document scanner lumped mass model.

ference between the drum and the fifst carriage at 16 Hz,
resulting in blurring in the first 50 mm of copy. Zero time
in the figure is the ¢enter of turnaround. Note that imag-
ing does not start until about 0.1 second after the center of
turnaround, allowing some time for oscillations to
dampen out. The maximum accelerations were between 1
and 2 g’s.

Simulation

® Scan mechanism model and differential equations

To address the exposures in the drive dynamics at the
start of scan, the system was niodeled on the IBM Contin-
uous System Modeling Program [1]. The lu'fiiped mass
model of the scanner system is shown in Fig. 8. Rotating

419

WILLIAM D. CLARK




420

-
Drive pi
(P rive pin
Drive pin
- pocket
Drive pin pocket
centerline | |
X
]
BACKLASH >

Figure 9 Relation between X, X, and BACKLASH.

elements and their angular displacements, torques, and
moments of inertia have been modeled as translating
elements having equivalent position, force, and mass.
Symbols are defined in the Appendix.

The applicable differential equations are the following:

. Forom — DRAG
Homn = M ppum ’
XP - FINPUT—ijG_FDRUM’
P
)..(C _ F;JCFC,
%, _ F, Fj‘;— FRI’
1
)"(2 - Fy, ;,1 FR, ,

2

where the forces are defined as follows:

Forom = K(Xp — Xppow) + CK(XP - XDRUM)’
F. =KX, ~ X)+ CX, — X)),
F, =K,X, -X)+C,X —X,),
Fy, =K X, - Xy + C (X, — Xp).

The force between the drive pin and oscillating member,
F, is a function of where the oscillating member is in the
cycle, that is, rescan, turnaround, or scan; and F also
changes depending on the backlash condition of the
mechanism existing at the time. In the next section, F is
discussed in additional detail. The relation between X,
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X, and BACKLASH is illustrated in Fig. 9; this is also
discussed in more detail subsequently.

® Function generator

The function generator portion of the model (Fig. 10) sim-
ulates the turnarounds between scan and rescan, and
backlash. In the model it is assumed that the mechanism
is flat, not turned around a cylinder. This results in about
2% error in the position of the optics pulley and less than
5% error in the maximum acceleration during turnaround.

The turnaround section is modeled as shown in Fig.
10(b). The turnaround angle ¢ is related to X, and RE by
the relation

b=25,

RE
where X, is the equivalent arc length around the turn-
around gear and RE is the turnaround gear drive pocket
radius. The model uses ¢ to determine if the drive pin is in
rescan, turnaround, or scan and calculates X from the re-
lations shown in Fig. 10.

A particular problem with modeling the turnaround
section is that neither X, the position of the drive pin
pocket, nor X, the position of the drive gear, has any
mass associated with it. If X or X, had associated mass,
the following equations would apply:

. S forces
==
mass
X = J)"(+ C,
X= JX—# C,

and X would be available to use in the solution.

Since X and X, do not have any associated mass, {hey
are found indirectly by using the functional relationships
to write free body equations around X . These equations
are solved for velocity and integrated to find X and X. It
is known from Fig. 8 that

Fy= K (X, — Xp) + C (X, — X,),
and that
F = K(X - X, — BACK) + C,(X - X_),

where BACK is a backlash term to be subsequently dis-
cussed. From a free body around X, [Fig. 10(d)], we can
write

F, = F,sin ¢ + Fcos ¢,

where F, . is the sliding friction of the drive pin.

PIN
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Combining the foregoing equations yields
K (X, ~ Xp) + Cy(X, — X)) = Fpsin ¢
+ [Ky(X — X, — BACK) + C{(X — X)]cos ¢. (1)

Remembering from Fig. 10(b) that

X = RE sin ¢,
then
ax do
— =REcos¢p —,
dX, dX,
and since
XG
¢ - RE 3
then
4o _ 1
dX, RE
and
dx
—— = COS ¢.
dX,, ¢

To find X = f(X,), we use

. X, (dX dX, .,
X = (EY—G_ = ar cos ¢ = X cos ¢. (2)

dt

Substituting Eq. (2) into Eq. (1) yields an equation with
one unknown, XG, all other terms being available in the
CSMP solution. Equations (1) and (2) are used in the
model to find XG, which is then integrated with the proper
boundary conditions to find X, and X is found from the
relations in Fig. 10. During scan and rescan ¢ is set equal
to 0 or 7.

® Backlash

Gear backlash observed in actual hardware was less than
0.1 mm, and therefore was assumed in the model to be
zero. Backlash between the pockets of the gears and the
centerline of the drive pin varied between 0 and 1.5 mm
and was included (see Fig. 9). The model allowed linear
changes in backlash as the drive pin went through rescan,
turnaround, and scan. Backlash in the model is treated in
the following manner.

A logic routine determines if X is in the backlash region
by defining aterm A = X — X and a dummy term BACK.
If A =0, BACK is zero and X is not in the backlash re-
gion. If 0 < A < BACKLASH, then F = 0 and X is in the
backlash region. If A = BACKLASH, then BACK =
BACKLASH and X is not in the backlash region. See Fig.
9.
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Figure 10 Function generator modeling: (a) rescan section
(¢ < —m), (b) turnaround section (—7 < ¢ < 0), (c) scan section
(¢ > 0), and (d) turnaround forces.

The logic routine determines if X is in the backlash re-
gion, and if it is not, Egs. (1) and (2) are used to solve for
X, If X is in the backlash region, then F = 0 and Eq. (1)
reduces to the following:

KX, — Xg) + C(X, — Xy) = Fppsin ¢.

This equation is solved for XG and integrated to yield X|,.

Simulation results

Parameter values necessary for the model were measured
on the hardware and entered into the program. Velocity
variations at the start of scan predicted by the model are
given in Fig. 11. Figure 12 shows the calculated smear
results with smear defined as the position of the drum
minus the position of the first carriage. The steady state
smear is approximately equal to the backlash. It should
be noted that steady state smear will appear on a copy as
misregistration, not as blurred copy.

Conclusions

After the accuracy of the model was verified, various sys-
tem parameters were statistically varied to determine
which stiffnesses, backlashes, etc. were significant. The
simulation results led to the following conclusions:

1. Reduction of smear during scan is nearly proportional
to the reduction in backlash. See Fig. 12.

2. Reduction of friction in the oscillating members had
little effect.
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Figure 11 Simulation velocities.

3. Increasing the stiffness of the machine drive by a fac-
tor of four had no effect on the magnitude of smear.
See Fig. 13.

4. Reduction of friction in the oscillating members and
increased drive stiffness caused the smeared areas to
be smaller; that is, the oscillations stopped earlier into
scan.

Figure 14 presents data taken from the hardware after
the machine drive was stiffened and friction and backlash
in the oscillating members were reduced. These improve-
ments allowed the optics to meet the dynamic constraints
and the evaluation criteria in all respects. The final result
was good copy.

In summary, design requirements of dynamics, cost,
and service have been met by the gear drive optics mech-
anism described herein. The model proved to be a valu-
able tool in the development stages and gave considerable
insight into identifying critical mechanism parameters.
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Appendix: Nomenclature

A backlash determinate

BACK dummy backlash variable

BACKLASH backlash between drive pin and drive pin
pocket

WILLIAM D. CLARK

2.0
i BACKLASH=1.25 mm
1.0
E 0.5 BACKLASH=0.25 mm
‘E 0.0 i 1 1 1 H
0 0.08 0.16 0.24
Time (s)
Figure 12 Smear as a function of backlash.
C,, damping between first and second car-
riage
C. damping in cables connecting carriages
and oscillating member
C, gear damping
C input drive damping
C drive pin damping
Cy drum drive damping
DRAG drag force on PC drum
F force between drive pin and oscillating
member
F, force between first and second carriage
F, force between oscillating member and
first carriage
Firum force between input drive pulley and the
drum
F, force between the input drive pulley and
the drive gear
Fipur input force to system
Fon sliding friction between oscillating mem-
ber and drive pin
FR, friction between first carriage and ground
FR, friction between second carriage and
ground
K, spring rate between first and second car-
riage
K, scan carriage drive cable stiffness
K, drive gear stiffness
K, input drive spring rate
Ky drum drive spring rate
K, drive pin stiffness
M, mass of first carriage
M, mass of second carriage
M, mass of oscillating member
M om mass of PC drum
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M, mass of machine drive pulley
r radius of PC drum Figure 14 First carriage velocity before and after improve-
. . ments.
RE turnaround gear drive pocket radius
t time
\% velocity
Vo drum surface velocity References
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