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(57) Abstract: An inspection system that is effective
to collect images of a part (7) under inspection. This
inspection system includes (a) a three axis linear mo-
tion stage (10); (b) a rotary fourth axis stage (11)
configured to hold and rotate an object (7) to be in-
spected. This rotary fourth axis stage (11) is mounted
on the three axis linear stage (10); (c) a fifth axis
camera (1) and optical system (4) mounted to one of
the axes of the three axis linear motion stage (10).
This fifth axis camera (1) has an optical axis substan-
tially parallel to the axis of linear motion; (d) a 45 de-
gree mirror (6) configured to bend the optical axis of
the fifth axis camera (1) by 90° to point towards the
object (7); and (e) a motor (3) configured to rotate
the mirror (6) over a range of angles to obtain a fifth
axis of viewing orientation.
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Five Axis Optical Inspection System

For flat parts, like printed circuit boards and silicon wafers, optical
inspection systems operate nicely in a three axis configuration. The X and Y axes are used
to position the workpiece relative to a camera or a sensor and a Z axis provides focus. The
camera used with an optical inspection system needs to be aimed squarely at the feature to
be inspected or parallax imaging distortions will cause measurement errors. For
workpieces that are generally cylindrical, like a medical stent or a machined piston,
mounting the part on a rotary or fourth axis provides the camera with a straight on view of
any area of the part. However, when a part has complex contours like, for example, a
bullet, obtaining a high resolution image at each point on the surface while aiming the
camera normal to a surface patch requires a five axis of motion optical inspection system.

Traditional five axis motion systems used with optical inspection have
drawbacks that make them less than ideal. One approach has the part under inspection
mounted on a rotary table and then this rotary table is mounted on a second rotary table to
obtain the fifth or tilting axis. A drawback is that the amount of mass that the tilting rotary
1s moving is significantly higher than that of just the part. This makes inspection
operations slower than that of a four axis inspection system. It also makes lighting the part
for optical inspection more challenging as the mass of the dual rotaries can now preclude
convenient placement of lighting components. Five axis motion systems of this type
produced by Optical Gauging Products of Rochester, NY, USA and Werth Messtechnik,
of Giessen, Germany.

An alternative approach to the fifth tilting axis is to mount the camera and
lens components of the inspection system on a rotational stage which is in-turn attached to
a Z-axis. One drawback with this approach is that increased mass is added to one of the
existing stage axes. A further drawback is that the length of the optical track from object to
image at the camera must be accommodated by the stage travel of the system. This can
add significant size and cost to the system.

An object disclosed herein is to provide a system to create high-resolution
images of parts with complex contours at high speed and with a minimum of stage travel
and overall system size. It is a further goal to provide uniform illumination of the object

under inspection using both profile and surface illumination.
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In accordance with one embodiment, that object is achieved by an
inspection system that is effective to collect images of a part under inspection. This
inspection system includes (a) a three axis linear motion stage; (b) a rotary fourth axis
stage configured to hold and rotate an object to be inspected. This rotary fourth axis stage
is mounted on the three axis linear stage; (c) a fifth axis camera and optical system
mounted to one of the axes of the three axis linear motion stage. This fifth axis camera
has an optical axis substantially parallel to the axis of linear motion; (d) a 45 degree mirror
configured to bend the optical axis of the fifth axis camera by 90° to point towards the
object; and (¢) a motor configured to rotate the mirror over a range of angles to obtain a
fifth axis of viewing orientation. In a preferred embodiment, the motor also rotates the
lens and camera along with the mirror.

Figure 1 schematically illustrates a fifth axis viewer in accordance with an
embodiment disclosed herein.

Figure 2 schematically illustrates a five axis inspection system including
the fifth axis viewer of Figure 1.

With reference to Figure 2, the system described herein includes a
conventional X,Y,Z three orthogonal axes of motion stage 10. A fourth axis is introduced,
as is known from four axis inspection systems, that is driven by a motor 11 mounted on
the X or Y stage axis with the part 7. A four axis system is disclosed in United States
Patent No. 8,811,691, titled “Stent Inspection System,” by Freifeld.

A key feature of the present embodiment is to locate the optical axis of the
lens and camera 1 for viewing part 7 features mounted as is commonly found on
traditional machines on the Z-axis 18 with the optical axis substantially parallel to the Z-
axis 18. Referring now to Figure 1, a computer numerically controlled right angle
reflector 15 is then utilized to bend the traditionally downward facing optical axis 16 by 90
degrees and a motor 3 to drive this right angle beam splitter cube 6 to point outward to the
part 7.

In one preferred embodiment the entire camera 1, lens 4 and right angle
reflector 15 are all rotated by the fifth axis of motion motor 3 about the primary optical
axis 16. The immediate advantage of this method is that the mass of the reflector 15 and,
optionally, the mass of the lens 4 and camera 1 are being rotated about their own center of
mass thus keeping the moment inertia to a minimum and the space taken in the system

stage layout to a minimum as well. This allows for high-speed motion with fast
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mechanical settling times. The entire package size of this fifth axis configuration can be
minimized mechanically by configuring the optical axis 16 to be on center and within the
fifth axis motor 3, so long as a motor 3 with a hollow shaft 19 of sufficient diameter to
allow the full optical path of the system to propagate without vignetting is provided. If the
lens 4 is telecentric, the optical system is well disposed for gauging applications.

By using a cube beamsplitter 6 to provide the 90 degree redirection of the
optical axis 16, illumination can be introduced to the part through the beamsplitter 6 with
the right angle reflector 15 being a partially reflective mirror. Introducing bright field
illumination via light source 5 has advantages over traditional epi-illumination or through
the objective lens surface illumination. First, this simplifies the optical configuration. In
the more traditional configuration a beamsplitter cube must be placed in a collimated
space between the first lens objective and a camera relay lens. This increases the size and
complexity of the optical system and tends to introduce stray illumination into the camera,
softening the image. Moreover, illumination introduced at the beamsplitter cube below the
primary objective can cover a wider angle of illumination as it is not limited by the
coverage angle as defined by the numerical aperture of the lens. This can provide a more
broadly illuminated object improving image quality. Adding a ring light 9 in front of the
beam splitter 6 as a dark field source of illumination can provide an especially broad
coverage of illumination. Alternatively, if light is not desired to be directed onto the part
from behind the beamsplitter 6, a simple mirror instead of a more elaborate beam splitter
cube. The two light sources on either side of the partially reflecting mirror can be
operated either individually or simultaneously to create a large area of combined dark and
bright field illumination coverage

With reference back to Figure 2, a further approach is to add a large arca
camera 13 and lens 12 to obtain a rotational or a flat scan of the part 7 under inspection.
For parts that are generally rotationally symmetric it is especially advantageous if the large
arca camera 13 is a line scan camera. From these large area views the positions of features
to be inspected by the fifth axis camera 1 can be more easily determined in spatial
coordinates then strictly by driving the fifth axis through a series of predetermined
computer numerically controlled moves. This is especially helpful when inspecting parts
that are not completely rigid as features are not always where one might expect them

based on their design model.
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Figure 1 schematically illustrates a fifth axis viewer. A camera 1 views an
object 7 through a tube 2, a lens 4 and finally a beamsplitter cube 6. In this embodiment
the entire optical system is rotated about a portion of the optical axis 16 by motor 3. The
viewer module 8 has an internal light source 5 positioned so its light shines through the
beamsplitter cube 6 and onto the object 7 under inspection. A ring light 9 is added in front
of the beam splitter cube so that its light also hits the object 7.

Figure 2 schematically illustrates a full view of a five axis inspection
system containing the right angle fifth axis viewer 8 driven by a rotating motor 3 to
capture images of object 7 in any angular orientation by camera 1. The part 7 under
inspection is mounted on a rotary motor stage 11, the fourth axis of the system, which in
turn is mounted to a three axis linear positioning stage 10. The system also contains a lens
12 having an extended depth of focus of Smm or more that is used for taking flat or
rotational large area images of the part 7 using a line scan camera 13.

In an embodiment, the inspection system includes a digital camera and a
lens defining an optical axis. There is a partial mirror below, the lens redirecting the
optical axis 90 degrees to view an object. An extended area light source is placed behind
and configured to direct light through said partial mirror to provided extended bright field
illumination on said object with a broad angle of coverage. The inspection system light

source includes light emitting diodes and the partial mirror is a beam splitter cube.
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What 1s claimed:

1.

An inspection system effective to collect images of a part 7 under inspection,

characterized by:

a) athree axis linear motion stage 10;

b) a rotary fourth axis stage 11 configured to hold and rotate an object 7 to be
inspected, said rotary fourth axis stage 11 mounted on said three axis linear stage
10;

c) a fifth axis camera 1 and optical system 8 mounted to one of the axes of the three
axis linear motion stage 10, said fifth axis camera 13 having an optical axis
substantially parallel to this axis of linear motion;

d) a45 degree mirror configured to bend said optical axis of the fifth axis camera by
90° to point towards said object 7; and

e) amotor 3 configured to rotate the mirror over a range of angles to obtain a fifth

axis of viewing orientation.

The inspection system of claim 1 characterized in that said motor 3 also rotates the

entire fifth axis optical system 8.

The inspection system of claim 1 characterized in that the 45 degree mirror is a
partially reflecting mirror 6 and a light source 5 is placed on one side of the partially
reflecting mirror 6 substantially perpendicular to the first optical axis so that the light
from the light source 6 is directed as bright field illumination at the object 7 under

inspection.

The inspection system of claim 3 characterized in that a second light source 9 is a ring
light source capable of illuminating said object 7 placed in front of said 45 degree
mirror 6 with the turned optical viewing axis directed through the center of the ring

light source 9 acting as a dark field source of illumination.

The inspection system of claim 4 characterized in that the two light sources 5, 9 on
cither side of the partially reflecting mirror 6 can be operated cither individually or
simultaneously to create a large area of combined dark and bright field illumination

coverage.
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10.

11.

12.

The optical system of claim 1 characterized in that the fifth axis optical system §

utilizes a telecentric design.

The inspection system of claim 1 further characterized in that a large format camera 13
viewing the object 7 through a large format lens 12 mounted on one axis of the three
axis linear motion stage 10, the large format camera 13 configured to capture large
arca images of the object 7 under inspection and to direct the fifth axis camera 1 to
specific feature locations on said object 7 based on found feature locations within the

large format image.

The inspection system of claim 6 characterized in that the large format camera 1 1s a

line scan camera.

The inspection system of claim 6 characterized in that the large format lens 12 utilizes

a telecentric design with an extended depth of focus of at least Smm.

An inspection system characterized by:

a digital camera 1 and lens 4 defining an optical axis;

a partial mirror 6 below, said lens 6 redirecting said optical axis 90 degrees to view
an object 7;

an extended area light source 5, 9 is placed behind and configured to direct light
through said partial mirror 6 to provided extended bright field illumination on said

object 7 with a broad angle of coverage.

The inspection system of claim 10 characterized in that said light source 5, 9 includes

light emitting diodes 9.

The inspection system of claim 10 characterized in that said partial mirror 6 is a beam

splitter cube.
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