











Now that the Monte Carlo analysis is complete, the design can be sent for manufacture. However, one parameter that
likely has not been successfully investigated is random perturbations of the shape of the injection-molded part. One
could do this step during the previously described tolerance steps, but you need an algorithm for doing such. In fact, one
should base such an analysis on the specifics of the injection-mold capability of the manufacturer. This process can be
accomplished by measuring a witness sample made by the manufacturer. Note that any injection mold will vary over
time, from machine to machine, part geometry, environmental parameters, material characteristics, and so forth. Thus,
this witness sample provides a baseline of the expected deformations created during the injection molding. The next
section describes a method that we employed to integrate the molding process into our design and tolerance process.

3. DETERMINISTIC METHOD OF INTEGRATING INJECTION-MOLD DEFORMATIONS

Deformations occur during the injection-mold process due to the cooling of the part. The greater the duration that the
part is held in the mold tool, the more likely it is to maintain the design shape. However, the longer the time that part is
held in the tool, the greater the cost of each part. Thus, the process time is typically minimized. This leads to sinks,
warps, and ripples on the surface of the part. These deformations of course lead to nonconformance to the design model.
Deformations are especially detrimental for reflectors and lightpipes.

As an example of the process we will use a lightpipe design that did not have the luxury of a shape deformation analysis.
The fabricated lightpipe had substantial leakage before it arrived at the remote emission region. This leakage caused the
part to not meet intensity requirements, so it was not a viable solution. We then set upon a path to determine the culprit
for the lacking performance. Two methods for measurement of the part were studied: computer measurement method
(CMM) and a laser scan. A laser scan was chosen because it supplies a multitude of points at higher resolution than
obtainable with CMM.? In fact over the lightpipe we had over 100,000 points in the cloud. From this point cloud we can
rebuild the surfaces and then perform a ray trace to determine expected performance with the deformations. The major
detraction of laser scanning is the accuracy of the measurement. Loosely, the accuracy is on the order of 50 microns,
which is often not suitable for rebuilding the part in an optics model. Additionally, we could not use all points within the
cloud because of the large number. Thus we took points in a local neighborhood, averaged them together, and placed the
rebuilt point at the centroid. With this method we were able to obtain better accuracy at the expense of resolution that
was not desired. The rebuilt surface for a 3 x 3 mm? parabolic region is shown in Fig. 5. The ripples that extend over
the surface lead to a 7-degree slope error, which amounts to a 14-degree propagation error due to the reflective nature of
the lightpipe. We speculated that these deformations across the parabola were the reason that the part was failing. The
results using (b) the rebuilt surface are shown in Fig. 6 along with (a) the nominal design and (c) the measured lightpipe.
Note that the other surfaces within the lightpipe design were not rebuilt, or in other words they maintained the nominal
design shape. Figure 6 shows excellent agreement between the measurement (c) and the rebuild (b), especially the peak
intensity value of 0.39 cd to 0.42 cd respectively. The nominal design had a peak intensity of 0.63 cd. The laser scan
and resulting analysis showed that the leakage was caused due to light not conforming to the critical angle that provides
total internal reflection.

Figure 5. Rebuilt surface of the 3 x 3 mm? parabolic section of the lightpipe. Note the ripples that extend over the surface when in

fact the nominal design had a smooth surface. The surface was rebuilt in a CAD program and then imported into the optical analysis
package.



ANGLE from axis

T T =T T T
mor
a0
» | A==
o
110 | P
a0 10 ] -1 -0 -30 -40 -30
ANGLE about axis
(a) Intensity distribution for nominal optical design.
Rebuilt from Measured Points
MNGLE from axis
Mot
80t
sn |
1m0 -
110 r
a0 20 10 0 =10 -20 -30 -40 -50
ANGLE about axis
(b) Intensity distribution for rebuilt optical design.
Harvey Roughness
ANGLE from axis
70t
g0
an i
100
110
a0 10 0 -0 -20 -30 -40 -50

Figure 6. Intensity distributions for (a) the nominal optical design, (b) the rebuilt optical design, and (c) the measured optical design.

The units are in candela (cd).
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(c) Intensity distribution for measured optical design.
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The primary limitation of rebuilding the surface was the time involved to determine rebuilt illumination distribution (Fig.
6.b). It took over an order of magnitude longer to calculate this distribution, thus its utility is limited. A better method
must be found that at worst approximates the expected illumination distribution at a fraction of the time cost. Therefore,
we investigated using a Harvey scatter model that can be applied to the surfaces of the illumination system. A Harvey
scatter model is used for “specular” scatter, or in other words lightly scattering surfaces, for which the amount of flux
scattered away from the specular direction is minimal.® The deformations we need to model are not small, resulting in 7-
degree slope errors with a substantial amount of flux. However, we expect the distribution to appear as a “top hat”, with
fairly uniform scatter over the maximum deformation angle and a sharp cutoff beyond it. This type of distribution can be
modeled with a Harvey model. In the next section we discuss the basics of the Harvey model technique that we
developed.

4. HARVEY METHOD OF INTEGRATING INJECTION-MOLD DEGROMATIONS

We noted from Fig. 5 that there was a ripple of random amplitude and frequency; therefore, we setup a periodic ripple
structure within a CAD program to model the rebuilt surface. Figure 7 shows how the frequency and amplitude were
defined. Note that the frequency is half the normal period.

This definition was due to no requirement that an

individual ripple had to pass though the nominal zero

before anothert)rp maximum (I))r minimu%n was realized. This \f requency

surface was then imported in an optical analysis package.

The amplitude and frequency maxima were determined

from the measurements described in Section 3. Figure 8

shows the intensity distribution results for four cases for
the distribution of the ripple: \T

(a) Fixed amplitude and frequency, n Am pl ItUde
(b) Fixed amplitude and variable frequency,

(©) Variable amplitude and fixed frequency, and
(d) Variable amplitude and frequency.

Figure 7. Definition of frequency and amplitude of a
software-developed ripple model.
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Figure 8. Intensity distributions from a collimated grid of rays for (a) fixed amplitude and frequency, (b) fixed amplitude and variable

frequency, (c) variable amplitude and fixed frequency, and (d) variable amplitude and frequency.




Note that Fig. 8 shows a Cartesian symmetry that would not be evidenced in reality. This Cartesian symmetry was due
to the selection of control points across the surface. It was later corrected by randomly selecting the control points
within an allowed extent of the rippled surface. In order to correct Fig. 8 visually, one can think of the distributions in
Fig. 8 as rotatable around the center of each plot and then normalized over the region subtended during the revolution.
The results in Fig. 8 are for a collimated grid of rays incident on the nominally flat surfaces. The intensity distributions
were saved, which allowed us to determine the amount that each ray was away from the specular direction. This result is
directly analogous to scatter measurements." We applied these four types of ripple distributions for the example
developed in Section 3. We quickly determined that the ripple has to be variable over both the frequency and amplitude
ranges. Thus, the results shown in Fig. 8.d are used for the following studies.

Using Fig. 8.d we determined the Harvey scatter
distribution. The results are shown in Fig. 9 for three
maximum amplitude variations of the ripple. The
maximum period was held at a value of 1.0 mm for each
of these cases. In order to ensure that we properly 10000 AN
sampled the perturbation space we compared five
iterations for each case. The curves in Fig. 9 show that the \
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Next the Harvey scatter method was compared to that of the randomly perturbed rebuilding method. Figure 11 shows
the results for (a) a rebuilt surface and (b) a Harvey model approximation. In this case rays are incident on a reflective
surface with peak amplitude variation of 0.06 mm and peak period variation of 1.0 mm. For the Harvey model: s = -13, /
=0.168, and b = 60.93. The intensity distributions are within a couple percent between the two cases (note that the axes
are slightly different). This result indicates that the Harvey method can be used to approximate the deformations of an
injection-molded surface. Ray tracing of Harvey surfaces rather than rebuilt surfaces saves nearly two orders of
magnitude in time. In fact it only requires about 5% more time to calculate the Harvey surface perturbations rather than
the nominal design surface reflections. This small increase in calculation time means that the designer can incorporate
the deformations in all steps of the design process. Additionally, the designer can now allow the deformation amplitude
parameter to vary in the tolerance modeling. The b and / parameters are then set dependent on the maximum amplitude
value. With this method the designer can determine the tolerance of the illumination system to deformation.
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Figure 11. Intensity distributions for (a) rebuilt surface and (b) Harvey surface.

The results of Fig. 11 indicate that the Harvey method will work well for illumination systems; however, Fig. 11 only
shows the results in the far field. Will it work in the near field? Collecting the light emitted from a transmissive surface
for the rebuilt and Harvey surfaces investigated this uncertainty. Two million rays were traced for each case. Figure 12
shows the results for (a) a rebuilt surface and (b) a Harvey surface. Note that at 1.0 mm from the Harvey surface the
irradiance distribution is uniform, while that of the rebuilt surface shows significant structure over the aperture. As the
light is collected on a detector positioned further from the emission aperture, the two distributions tend to become more
circular in nature, but the Harvey surface shows appreciable structure over a great distance. Only in the far field do the
two distributions tend to the same profile. The reason behind this phenomenon is that the Harvey method randomly
perturbs each ray when it is incident on the surface, thus two rays that strike the same exact position will see two
different slopes. The rebuilt surface only perturbs the surface once thus two rays striking the same exact location on the
surface will see the same slope. This result indicates the time-demanding rebuilding method must be used in the near
field. An exception to this rule is for illumination structures that have several ray-surface interactions. For such systems
(such as the lightpipe of Section 3), the multiple reflections will wash out the structure evidenced in the plots of Fig. 12.
The more interactions the less dependence on localized surface deformation. Typically, in lightpipes one may use the
approximate Harvey method (the example from Section 3 was within a couple percent of the rebuilding method).

5. CONCLUSIONS

We have explained the basics of how to tolerance an illumination system. Important parameters are determined during
the design process. These important parameters are investigated with a parameter sensitivity analysis. A restricted list of
important parameters is studied with a Monte Carlo analysis in order to determine the tolerance ranges for the important
parameters. In order to include surface deformations, the designer should measure (i.e., laser scan) a witness sample
from an injection-mold machine. One can now include the deformations by rebuilding the surface based upon the
measurement or, better yet, if in the far field, apply a Harvey model that agrees with the scatter distribution.
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Figure 12. Intensity distributions for (a) rebuilt surface and (b) Harvey surface at 4 distances from the emission aperture.



This method provides an algorithm to include surface deformations arising from the injection-mold process (or, for that
matter, any other fabrication technique). The possibility that a fabricated part does not meet performance metrics is
greatly reduced; however, it does not reduce it completely to zero. There are still uncertainties due to the variation of the
machinery from day to day and the fact that a witness sample was measured. Also, the geometry of the molding,
especially during the annealing process, affects the shape of the ripples. This method does provide guidance and the
building blocks in order to refine this tolerancing method. One can measure the deterministic ripple and then
parameterize the Harvey terms or rebuilding terms within the design code such that its inclusion is automated.
Additionally, the designer can determine the required quality of the injection-mold process before fabrication rather than
an iterative investigation in the laboratory. All of these processes will save time in the time-consuming fabrication at the
expense of a slight increase in design time.

Future refinements include the potential of including the physics of the rippling through analytic models based on finite
element analysis, automated protocols between FEA and optical analysis codes, and a library of witness sample results
for different machines, materials, and so forth. With these refinements, the designer will not have to be involved in the
laborious task of setting up the deformation models since they can be controlled directly by software. It will allow the
designer to spend all of his/her time doing the optical design rather than worrying about tolerance details.
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