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SLOT DIE POSITION ADJUSTMENT 

TECHNICAL FIELD 

[0001] This disclosure relates to slot dies. 

BACKGROUND 

10002] Generally, slot dies include die lips that form an applicator slot. The width of the 

applicator slot can extend about the width of a moving web or the width of a roller that 

receives the extruded product, such as a film. As used herein, with respect to slot dies 

and components of slot dies, "a width" refers to the cross-web (or cross-roller) 

dimension of a slot die and its components. In this regard, an applicator slot of a slot die 

extends about the width of the slot die. 

[0003] Slot dies are commonly used to form extrusions and coatings. As an example, 

slot dies are used in slot die coatings to apply a liquid material to a moving flexible 

substrate or "web." There are many variations in techniques for slot die coatings. As one 

example, coating materials can be at room temperature or a controlled temperature. 

When a coating material temperature is elevated to ensure that the coating material is 

melted or liquefied for processing, this is often referred to as "hot melt" coating. In 

other examples, a coating material can include solvent diluents. Solvents can be water, 

organic solvents, or any suitable fluid that dissolves or disperses components of a 

coating. Solvents are typically removed in subsequent processing such as by drying. A 

coating can include single or multiple layers, and some slot dies may be used to apply 

multiple layers simultaneously. A coating can be a continuous coating across the width 

of the die or instead include forming strips, each strip extending across only a portion of 

the width of the die and being separated from adjacent strips. 

[0004] Slot dies are also used to form extrusions, including thin-film extrusions or other 

extrusions. In some examples, extrusions can be extrusion coatings and applied to a web 

substrate, a process which may be referred to as extrusion coating. In other examples, 

the extruded material forms a film or web directly. An extruded film might be 

subsequently processed by length orienting or tentering operations. As with coating, the 

extrudate might comprise a single layer or multiple layers. 
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[00051 The thickness of an extruded product, such as a film or coating, is dependent 

upon, among other factors, the flow rate of the extrudate through the slot die. In one 

example, a slot die can include an adjustable choker bar within the flow path that can be 

used to locally adjust the flow rate of the extrudate through the slot die to provide a 

desired thickness profile. A slot die can also include a flexible die lip that can be used to 

locally adjust the thickness of the applicator slot itself to control the flow rate of the 

extrudate from the applicator slot to provide a desired thickness profile. 

[0006] A slot die may include a plurality of actuators spaced about the width of the 

applicator slot in order to provide a desired thickness profile for an extruded product. 

For example, each actuator can be configured to provide a local positional adjustment of 

a choker bar or flexible die lip. 

[0007] After starting an extrusion process using a slot die, the cross-web profile of an 

extrudate can be measured. Each actuator may then need to be individually adjusted to 

provide a desired thickness profile, such as a consistent thickness, for the extruded 

product across the width of the applicator slot. 

SUMMARY 

[0008] In general, this disclosure is directed to techniques for preselecting actuator 

settings according to a desired property of an extruded product or a desired property of 

the slot die during the extrusion. In one example, the position of each actuator in a 

plurality of actuators may be selected according to a preselected cross-web profile of the 

extruded product. In another example, the position of each actuator in a plurality of 

actuators may be selected according to a preselected die cavity pressure during 

operation of the die. 

[0009] In one example, this disclosure is directed to a system comprises a slot die 

including an applicator slot extending about a width of the slot die, wherein the 

applicator slot is in fluid communication with a fluid flow path through the slot die, and 

a plurality of actuators spaced about the width of the slot die. Each actuator in the 

plurality of actuators is operable to adjust a cross-directional thickness of the fluid flow 

path at its respective location to provide a local adjustment of fluid flow through the 

applicator slot. The system further comprises a controller configured to set the position 
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of each actuator according to one of a plurality of discrete settings for operation of the 

slot die. The controller is further configured to predict a set of discrete settings from the 

plurality of discrete settings corresponding to a preselected cross-web profile for an 

extrudate based on a known correlation between the set of discrete settings and the 

cross-web profile of the extrudate. 

[0010] In another example, this disclosure is directed to a non-transitory computer 

readable medium storing executable instructions configured to cause a programmable 

controller to operate a slot die. The includes an applicator slot extending about a width 

of the slot die, wherein the applicator slot is in fluid communication with a fluid flow 

path through the slot die, and a plurality of actuators spaced about the width of the slot 

die. Each actuator in the plurality of actuators is operable to adjust a cross-directional 

thickness of the fluid flow path at its respective location to provide a local adjustment of 

fluid flow through the applicator slot. The executable instructions are configured to 

cause the programmable controller to predict a set of discrete settings from a plurality of 

discrete settings corresponding to a preselected cross-web profile for an extrudate based 

on a known correlation between the set of discrete settings and the cross-web profile of 

the extrudate, and set the position of each actuator according to the predicted set of 

discrete settings for operation of the slot die. 

[0011] In a further example, this disclosure is directed to a method of operating a slot 

die, wherein the slot die includes an applicator slot extending about a width of the slot 

die, wherein the applicator slot is in fluid communication with a fluid flow path through 

the slot die, and a plurality of actuators spaced about the width of the slot die. Each 

actuator in the plurality of actuators is operable to adjust a cross-directional thickness of 

the fluid flow path at its respective location to provide a local adjustment of fluid flow 

through the applicator slot. The method comprises predicting, with a controller, a set of 

discrete settings from a plurality of discrete settings corresponding to a preselected 

cross-web profile for an extrudate based on a known correlation between the set of 

discrete settings and the cross-web profile of the extrudate, and setting the position of 

each actuator according to the predicted set of discrete settings for operation of the slot 

die. 

[0012] The details of one or more examples of this disclosure are set forth in the 

accompanying drawings and the description below. Other features, objects, and 
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advantages of this disclosure will be apparent from the description and drawings, and 	' 

from the claims. 

BRIEF DESCRIPTION OF DRAWINGS 

[0013] FIGS. 1 A — 1 B illustrate a slot die including a choker bar with a plurality of 

actuators, each actuator operable to adjust a cross-directional thickness of the fluid flow 

path at its location. 

[0014] FIG. 2 illustrates a slot die including an adjustable rotary rod with a plurality of 

actuators connected to the rotary rod, each actuator operable to adjust the local position 

of the rotary rod at its location and thereby adjust the local thickness of the applicator 

slot. 

[0015] FIG. 3 illustrates a slot die including a flexible die lip with a plurality of 

actuators connected to the flexible die lip, each actuator operable to adjust the local 

position of the flexible die lip at its location and thereby adjust the local thickness of the 

applicator slot. 

[0016] FIG. 4 illustrates an actuator assembly including a position sensor and a 

controller for selecting the position of the actuator assembly based on the output of the 

position sensor. 	 . 

[0017] FIG. 5 is a flowchart illustrating techniques for selecting the position of each 

actuator in a plurality of actuators of a slot die according to a preselected cross-web 

profile of the extruded product. 

[0018] FIG. 6 is a flowchart illustrating techniques for selecting the position of each 

actuator in a plurality of actuators of a slot die according to a preselected die cavity 

pressure during operation of the die. 

[0019] FIG. 7 is a flowchart illustrating techniques for clearing a slot die by increasing 

the cross-directional thickness of the fluid flow path adjacent each of the actuators while 

continuing to operate the die. 

[0020] FIG. 8 is a flowchart illustrating techniques for purging a slot die by 

substantially closing fluid flow path adjacent each of the actuators while continuing to 

operate the die. 
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[00211 FIG. 9 illustrates a strip coating including a pattern created by repeatedly 

adjusting actuator position settings in a slot die. 

[0022] FIG. 10 illustrates an extruded product including a pattern created by repeatedly 

adjusting actuator position settings in a slot die. 

[0023] FIGS. 11A — 11D illustrate an example user interface for a slot die controller. 

[0024] FIGS. 12 — 14 illustrate bump test data, which may be utilized to select a desired 

die slot profile or change in die slot profile. 

[00251 FIG. 15 illustrates an example worksheet demonstrating techniques for selecting 

inputs to change actuator positions to provide a desired die slot profile. 

[0026] FIGS. 16 and 17 illustrate flow sensitivity profiles, which may be utilized to 

select a desired die slot profile or change in die slot profile in order to provide a desired 

extrudent profile. 

[0027] FIG. 18 illustrates techniques retrofitting a slot die with a set of actuator 

assemblies. 

DETAILED DESCRIPTION 	• 

[0028] FIGS. IA — 1B illustrate slot die 10. Slot die 10 includes an upper die block 2 

and a lower die block 3. Upper die block 2 combines with lower die block 3 to form a 

fluid flow path through slot die 10. The fluid flow path includes entry 5, die cavity 4 

and applicator slot 6. Applicator slot 6 is between rotary rod 12, which is mounted to 

upper die block 2, and die lip 13 of lower die block 3. Because slot die 10 includes 

rotary rod 12 at its applicator slot, slot die 10 may be referred to as a rotary rod die. 

[0029] Slot die 10 includes a choker bar 11 that extends across the width of the fluid 

flow path within slot die 10. As one example, the width of the fluid flow path within 

slot die 10 at choker bar 11 may be approximately the same as the width of applicator 

slot 6 such that choker bar 11 extends about the width of applicator slot 6. Actuator 

assemblies 200 are mounted on a common mounting bracket 9 and spaced about the 

width of slot die 10. In some examples, mounting bracket 9 may be segmented, e.g., 

mounting bracket 9 may include separate structures for each actuator assembly 200. 

Each actuator assembly 200 is operable to adjust a cross-directional thickness of the 

fluid flow path at its respective location about the width of slot die 10 to provide a local 
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adjustment of fluid flow through applicator slot 6 by changing the position of choker bar 

11 within the fluid flow path of the extrudate within die 10. 

[0030] During operation of slot die 10, an extrudate enters slot die 10 at fluid flow path 

entry 5 and continues through the fluid flow path of slot die 10, including die cavity 4 

until the extrudate exits through applicator slot 6 and is applied to moving roller 7. In 

some examples, the extruded product may be applied to a moving web (not shown), in 

other examples, the extruded product may be applied directly to roller 7. The extruded 

product and web (if applicable) may be run over a series of rollers to allow the extruded 

product to cool. One or more additional processes may be performed to the extruded 

product downstream of roller 7. While not germane to this disclosure, such processes 

include, but are not limited to, stretching, coating, texturing, printing, cutting, rolling, 

etc. 

[0031] As best shown in FIG. 1B, slot 10 includes a set of five actuator assemblies 200 

mounted on a common mounting bracket 9. Each actuator assembly 200 is attached to 

choker bar 11 and actuator assemblies 200 are spaced about a width of choker bar 11. 

Each of the actuators is operable to control the thickness of the fluid flow path at its 

location by providing a local adjustment of the position of choker bar 11 within the fluid 

flow path within slot die 10. 

[0032] As discussed in further detail with respect to FIG. 4, each of actuator assemblies 

200 includes a motor that drives a linear actuator. Each of actuator assemblies 200 also 

includes a precision sensor, such as a linear variable differential transformer (LVDT) or 

a linear encoder, that detects position movements of the output shaft of the linear 

actuator. The output shafts of linear actuator assemblies 200 are spaced about the width 

of choker bar Ilsuch that each linear actuator assembly 200 is operable to adjust the 

local position of the choker bar. As discussed in further detail below, the positions of 

each linear actuator are individually selectable to provide a desired cross-web profile of 

an extruded product. In addition, the positions of linear actuator assemblies 200 can be 

precisely coordinated to provide a desired die cavity pressure within die cavity 4 during 

the operation of slot die 10 by adjusting the overall cross-sectional area of the fluid flow 

path adjacent choker bar 11 within slot die 10. In other examples, the positions of each 

actuator assembly 200 may be actively controlled to create an extruded product with 

patterned features, such as repeating or random patterned features. As referred to herein, 
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references to the position of an actuator or actuator assembly are intended to more 

specifically refer to the relative positioning of the actuator output shaft. 

[0033] FIG. 2 illustrates slot die 20. Slot die 20 includes adjustable rotary rod 22 with a 

plurality of actuator assemblies 200 connected to rotary rod 22. Each actuator assembly 

200 is operable to adjust the local position of rotary rod 22 at its location and thereby 

adjust the local thickness of applicator slot 6. Some aspects of slot die 20 are similar to 

those of slot die 10 and are discussed in limited detail with respect to slot die 20. 

Components of slot die 20 that have the same reference numeral as components in slot 

die 10 are substantially similar to the like-numbered components of slot die 10. 

[0034] Slot die 20 includes an upper die block 2 and a lower die block 3. Upper die 

block 2 combines with lower die block 3 to form a fluid flow path through slot die 20. 

The fluid flow path includes entry 5, die cavity 4 and applicator slot 6. Applicator slot 6 

is between adjustable rotary rod 22, which is mounted to upper die block 2 and die lip 

13 of lower die block 3. Because slot die 20 includes adjustable rotary rod 22 at its 

applicator slot, slot die 20 may be referred to as a rotary rod die. 

[0035] Slot die 20 differs from slot die 10 in that the thickness of applicator slot 6 is 

controlled by actuator assemblies 200, which connect to rotary rod 22. Actuator 

assemblies 200 are mounted on a common mounting bracket 9 and spaced about the 

width of slot die 20. Each actuator assembly 200 is operable to adjust a cross-directional 

thickness of the fluid flow path at its respective location about the width of slot die 20 to 

provide a local adjustment of fluid flow through applicator slot 6 by changing the 

position of rotary rod 22. While only one actuator assembly 200 is shown in FIG. 2, slot 

die 20 includes a set of actuator assemblies 200 spaced about the width of rotary rod 22 

and slot die 20 and, similar to the arrangement of actuator assemblies 200 as shown in 

FIG. 1B. 

[0036] During operation of slot die 20, an extrudate enters slot die 20 at fluid flow path 

entry 5 and continues through the fluid flow path of slot die 20, including die cavity 4, 

until the extrudate exits through applicator slot 6 and is applied to moving roller 7. In 

some examples, the extruded product may be applied to a moving web (not shown), in 

other examples, the extruded product may be applied directly to roller 7. The extruded 

product and web (if applicable) may be run over a series of rollers to allow the extruded 

product to cool. One or more additional processes may be performed to the extruded 
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product downstream of roller 7, such processes include, but are not limited to, 

stretching, coating, texturing, printing, cutting, rolling, etc. 

[0037] Each of actuator assemblies 200 is operable to control the thickness of the fluid 

flow path at its location by providing a local adjustment of the position of rotary rod 22. 

As discussed in further detail below, the positions of each actuator assembly 200 are 

individually selectable to provide a desired cross-web profile of an extruded product. En 

addition, the positions of linear actuator assemblies 200 can be precisely coordinated to 

provide a desired die cavity pressure within die cavity 4 during the operation of slot die 

20 by adjusting the overall cross-sectional area of applicator slot 6. In other examples, 

the positions of each actuator assembly 200 may be actively controlled to create an 

extruded product with patterned features, such as repeating or random patterned 

features. 

[0038] While slot die 20 does not include a choker bar, in other examples, a slot die 

with an adjustable rotary rod may also include an adjustable choker bar, like choker bar 

11 of slot die 10. The position of such a choker bar may be locally controlled by a set of 

actuators, just as with choker bar 11 of slot die 10. 

[0039] FIG. 3 illustrates slot die 30. Slot die 30 includes flexible die lip 32 with a 

plurality of actuator assemblies 200 connected to flexible die lip 32. Each actuator 

assembly 200 is operable to adjust the local position of flexible die lip 32 at its location 

and thereby adjust the local thickness of applicator slot 6. Some aspects of slot die 30 

are similar to those of slot die 10 and slot die 20 and are discussed in limited detail with 

respect to slot die 30. Components of slot die 30 that have the same reference numeral 

as components in slot die 10 and slot die 20 are substantially similar to the like-

numbered components of slot die 10 and slot die 20. 

[0040] Slot die 30 includes an upper die block 2 and a lower die block 3. Upper die 

block 2 combines with lower die block 3 to form a fluid flow path through slot die 30. 

The fluid flow path includes entry 5, die cavity 4 and applicator slot 6. Applicator slot 6 

is between die lip 34, which is part of upper die block 2, and flexible die lip 32 of lower 

die block 3. 

[0041] Slot die 30 differs from slot die 10 in that the thickness of applicator slot 6 is 

controlled by actuator assemblies 200, which connect to flexible die lip 32. Actuator 

assemblies 200 are mounted on a common mounting bracket 9 and spaced about the 
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width of slot die 30. Each actuator 200 is operable to adjust a cross-directional thickness 

of the fluid flow path at its respective location about the width of slot die 30 to provide a 

local adjustment of fluid flow through applicator slot 6 by changing the position of 

flexible die lip 32. While only one actuator 300 is shown in FIG. 3, slot die 30 includes 

a set of actuator assemblies 200 spaced about the width of flexible die lip 32and slot die 

30 and, similar to the arrangement of actuator assemblies 200 as shown in FIG. 1B. 

[0042] During operation of slot die 30, an extrudate enters slot die 30 under pressure at 

fluid flow path entry 5 and continues through the fluid flow path of slot die 30, 

including die cavity 4, until the extrudate exits through applicator slot 6 and is applied 

to moving roller 7. In some examples, the extruded product may be applied to a moving 

web (not shown), in other examples, the extruded product may be applied directly to 

roller 7. The extruded product and web (if applicable) may be run over a series of rollers 

to allow the extruded product to cool. 

[0043] In other examples, slot die 30 may be used with a different configuration of 

rollers. For example, the extrudate may form a curtain that drops onto a downstream 

roller, in this case referred to as a casting wheel, that can be temperature controlled. In 

other examples, an extrudate curtain may drop vertically or traverse horizontally (or any 

angle) into a nip of two rollers for subsequent processing. This is often used in both film 

extrusion and extrusion coating operations. 

[0044] One or more additional processes may be performed to the extruded product 

downstream of roller 7; such processes include, but are not limited to, stretching, 

coating, texturing, printing, cutting, rolling, etc. 

[0045] Each of actuator assemblies 200 is operable to control the thickness of the fluid 

flow path at its location by providing a local adjustment of the position of flexible die 

lip 32. As discussed in further detail below', the positions of each actuator assembly 200 

are individually selectable to provide a desired cross-web profile of an extruded 

product. In addition, the positions of linear actuator assemblies 200 can be precisely 

coordinated to provide a desired die cavity pressure within die cavity 4 during the 

operation of slot die 30 by adjusting the overall cross-sectional area of applicator slot 6. 

In other examples, the positions of each actuator assembly 200 may be actively 

controlled to create an extruded product with patterned features, such as repeating or 

random patterned features. 
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[0046] While slot die 30 does not include a choker bar, in other examples, a slot die 

with a flexible die lip may also include an adjustable choker bar, like choker bar 11 of 

slot die 10. The position of such a choker bar may be locally controlled by a set of 

actuators, just as with choker bar 11 of slot die 10. 

[0047] FIG. 4 illustrates an assembly including actuator assembly 200, zero-backlash 

coupler 240 and controller 300. As shown in FIGS. IA — 3, actuator assembly 200 may 

be used in a slot die to provide a local adjustment of a fluid flow path of the slot die, 

e.g., by adjusting the thickness of an applicator slot as with slot dies 20, 30 or by 

adjusting the thickness of a fluid flow path within the slot die as with slot die 10. 

[0048] Actuator assembly 200 includes motor 210, linear actuator 220, which is 

coupled to motor 210, and position sensor 230. As one example, motor 210 may be a 

stepper motor. The output shaft (not shown) of motor 210 is mechanical coupled to 

linear actuator 220. Sensor 230 senses the position of linear actuator 220. For example, 

sensor 230 may be a LVDT sensor or a linear encoder. Sensor 230 is secured to output 

shaft 222 of linear actuator 220 with clamp 232 and precisely measures the relative 

position of output shaft 222 of linear actuator 220. In other examples, the sensor 230 

might measure the output coupler 240, die actuator linkage 252, flexible die lip 32, 

rotary rod 22, or choker bar 11. As one example, actuator assemblies that are suitable for 

use as actuator assemblies 200 are available from Honeywell International Incorporated 

of Morristown, New Jersey. 

[0049] Controller 300 receives position inputs from both motor 210 and sensor 230. For 

example, motor 210 may be a stepper motor and may provide an indication of the 

number of "steps" the stepper motor has taken from a known reference position of the 

stepper motor. Sensor 230 may provide more precise position information to controller 

300 than that provided by the motor 210. Controller 300 provides instructions to motor 

210 to drive output shaft 222 of actuator 220 to a preselected position. For example, 

controller 300 may monitor the position output shaft 222 of actuator 220 with sensor 

230 while operatinv. motor 210 in order to position output shaft 222 of actuator 220 

according to a preselected position. In some examples, controller 300 may control a set 

of actuator assemblies 200, either simultaneously or sequentially. For example, 

controller 300 may control each of the actuator assemblies 200 in slot die 10, as shown 

in FIG. 1B. 

10 



WO 2012/170713 
	

PCT/US2012/041389 

[00501 In slot dies 10, 20, 30, output shaft 222 of actuator 220 is connected to die 

actuator linkage 252 by zero-backlash coupler 240. Zero backlash coupler 240 includes 

two halves that screw together: bottom half 242 and top half 244. Bottom half 242 is 

directly attached to die actuator linkage 252 with a screw. In addition, zero backlash 

coupler 240 includes a stacked protrusion assembly that bolts onto the end of output 

shaft 222 of actuator 220. The stacked protrusion assembly includes two metallic discs 

246 surrounding an insulative disc 248. As one example, insulative disc 248 may 

comprise a ceramic material. Bottom half 242 and top half 244 combine to encircle the 

stacked protrusion assembly, including metallic discs 246 and insulative disc 248, 

bolted onto the end of output shaft 222 of actuator 220. Once top half 244 is securely 

screwed to bottom half 242, output shaft 222 of actuator 220 is effectively connected to 

zero-backlash coupler 240 and die actuator linkage 252. 

[0051] Zero-backlash coupler 240 functions to thermally isolate actuator assembly 200 

from the slot die. In particular, insulative disc 248 significantly limits the metal-to-metal 

contact path between output shaft 222 of actuator 220 and die actuator linkage 252. This 

helps protect actuator assembly 200 from damaging heat of a slot die. For example, slot 

dies commonly operate at temperatures in excess of three-hundred degrees Fahrenheit, 

whereas the components of actuator assembly 200, including motor 210 and sensor 230 

may experience limited functionality or even permanent damage when subjected to 

temperatures to in excess of one-hundred-thirty degrees Fahrenheit. For this reason, 

zero-backlash coupler 240 may function to keep the temperature of actuator assembly 

200 one-hundred-thirty degrees Fahrenheit or less. In some examples, discs 246 may 

also be formed from non-metallic materials such that there is no metal-to-metal contact 

between output shaft 222 of actuator 220 and die actuator linkage 252. Such examples 

further thermally isolate actuator assembly 200 from the slot die housing. In a further 

example, the surface area of the coupling 240 can be chosen to dissipate heat to keep the 

temperature of the actuator assembly 200 one-hundred-thirty degrees Fahrenheit or less. 

This might be use independently or in combination with the insulative disc 248. In 

further examples, active thermal control can be used cool to zero-backlash coupler 240, 

output shaft 222 or actuator assembly 200. Suitable examples of active thermal control 

include convective air flow, circulating liquid and thermo-electron devices. 

11 



WO 2012/170713 
	

PCT/US2012/041389 

[0052] In contrast to slot-die designs that utilize differential bolts as actuation 

mechanism, zero-backlash coupler 240 couples the output shaft 222 of actuator 220 to 

die actuator linkage 252 with limited or no backlash. Whereas as a differential bolt 

mechanism may have a backlash of more than one-hundred micrometers, zero-backlash 

coupler 240 may provide almost no backlash, such as less than ten micrometers, or even 

less than five micrometers, such as about three micrometers. 

[0053] In a slot die utilizing a set of differential bolts to control applicator slot width or 

choker bar position, the relatively large backlash of each differential bolt means that 

adjusting the position of one differential bolt may change the thickness of the fluid flow 

path at other bolts. For this reason, the absolute position of the choker bar may never be 

known while operating the extrusion die. In contrast, in slot dies 10, 20, 30 the position 

of output shaft 222 of actuator 220 directly corresponds to the local position of choker 

bar II (for slot die 10), rotary rod 22 (for slot die 20) and flexible die lip 32 (for slot die 

30). For this reason, slot dies 10, 20 and 30 facilitate repeatable, precise positioning not 

available in slot dies utilizing differential bolts as actuation mechanism. 

[0054] FIG. 5 is a flowchart illustrating techniques for selecting the position of each 

actuator in a plurality of actuators of a slot die according to a preselected cross-web 

profile of the extruded product. While not limited to the slot dies disclosed herein, for 

clarity, the techniques of FIG. 5 are described with respect to slot die 10 (FIGS. IA — 

1B), actuator assembly 200 (FIG. 4) and controller 300 (FIG. 4). In different examples, 

the techniques of FIG. 5 may be utilized for strip coating, a film slot die, a multi-layer 

slot die, a hot melt extrusion coating die, a drop die, a rotary rod die, an adhesive slot 

die, a solvent coating slot die, a water-based coating die, a slot fed knife die or other slot 

die. 

[0055] First, a slot die, such as slot die 10, is obtained (502). The slot die includes an 

applicator slot extending about a width of the slot die and a plurality of actuators spaced 

about the width of the slot die. The applicator slot is in fluid communication with a fluid 

flow path through the slot die. Each actuator in the plurality of actuators is operable to 

adjust a cross-directional thickness of the fluid flow path at its respective location to 

provide a local adjustment of fluid flow through the applicator slot. 

[0056] Next, a controller, such as controller 300, in communication with each actuator 

is obtained (504). The controller is configured to set the position of each actuator 
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according to one of a plurality of discrete settings, such as measured position of sensor 

230 and/or a stepper motor setting for motor 210. 

10057] Using fluid dynamics and a digital model of die 10, such as a solid model of die 

10, controller 300 predicts a set of discrete settings from the plufality of discrete settings 

corresponding to a preselected cross-web profile (506). In different examples, controller 

300 may retrieve the preselected cross-web profile from a non-transitory computer 

readable medium or may receive the preselected cross-web profile from a user input. 

[0058] In different examples, the predicted ,setting may correspond to measurements 

from sensor 230 and/or discrete positions settings for motor 210. Sensor 230 may 

provide more precise position information to controller 300 than that provided by the 

motor 210. For this reason, controller 300 may predict settings for an actuator assembly 

200 based on measurements from sensor 230 and may operate motor 210 to locate 

output shaft 222 according to the predicted setting rather than directly driving motor 

210 to a number of step corresponding to the predicted position. 

[0059] In a slot die including a plurality of actuator assemblies, such as actuator 

assemblies 200, each actuator assembly including a measurement instrument, such as 

sensor 230, each measurement instrument is configured to provide a local measurement 

of the slot die, the local measurement corresponding to the cross-directional thickness of 

the fluid flow path at the location of the respective measurement instrument. When a 

controller, such as controller 200 positions each of the actuators, e.g., according to the 

set of discrete settings, the controller may monitor the local measurements from the 

measurement instruments., The controller may then, for each of the actuators, adjust the 

relative position of the actuator until the actuator provides the absolute cross-directional 

thickness of the fluid flow path at the respective location of the actuator defined by the 

set of discrete settings. 	 . 

[0060] Fluid dynamics, fluid properties of the extrudate, and a digital model of a die 

allows controller 300 to predict discrete setting for the actuators of slot die 10. In many 

applications, it is desirable to provide a consistent thickness of an extruded product 

across the entire width of the die. As another example for strip coating controller may 

predict discrete setting for the actuators of slot die 10 to predict a set of discrete settings 

from the plurality of discrete settings corresponding to a preselected strip width. 
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[0061] Modeling of an extrudate flowing through a die may incorporate many aspects 

of the die itself including applicator slot width, a distance from the manifold cavity to 

the exit of the applicator slot, and a slot thickness, which is the narrow dimension of the 

applicator slot between the two parallel surfaces defining the slot itself. One 

fundamental issue in attaining the uniformity of the flow, and critical uniformity of the 

coated product, is the ability to construct a die with the best possible uniformity of the 

die slot "thickness." The sensitivity is greater than linear, which means that variations in 

die slot thickness are magnified in extruded products. 

[0062] Modeling the flow may make use of any appropriate models characterizing fluid 

rheology. For example, modeling the flow may include finite element analysis or may 

more directly rely on one or more equations. As one example, for a power law fluid, the 

relationship between flow in the slot and the slot geometry is given by the equation: 

Q 	nB2  

W 
= 

2(1+ 2n)
(BP/2KL)11" 

(Equation 1) 

[0063] In Equation 1, Q/W is the flow per unit width, B is the slot height, P is pressure, 

L is the slot length (corresponding to the die width), n is the power law index and K is 

the coefficient for power law viscosity. A Newtonian constant viscosity fluid has n=1 

and K is then the numerical viscosity. 

[0064] As another example, slot uniformity can be characterized by the uniformity of 

the walls of the slot. If each slot has a Total Indicated Runout or TIR of 2t, then the 

percent uniformity of the flow from the slot is then: 

% = 1 00((B + 
t)(2-Hin)  - (B - t)(2+"n))/ B(2-wo 

(Equation 2) 

[0065] For a constant viscosity (Newtonian) fluid, this means that the coating 

uniformity goes as the cube of the slot height (B). This relationship is shown as 

Equation 3. 

% Coal Uniformity .100((B,„x )
3 
- (Amy )

3 
)i B„r;  3 	(Equation 3) 
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[00661 While Equation 3 may not be directly used to predict slot settings because 

Equation 3 may not account for all details including details related to the extrusion 

flows, materials, to the die design itself. However, Equation 3 demonstrates the 

importance for providing a precisely tuned thickness across the width of the die. In 

particular, Equation 3 demonstrates that any variations in the thickness of the fluid flow 

path are magnified in the resulting cross-web profile of the extruded product. 

[0067] Equation 1 may, for example, be used to predict a die slot change because, 

according to the techniques disclosed herein, the position of the actuator, and by 

inference the die slot thickness B, is known in combination with the desired extrudate 

target thickness, the current measured extrudate thickness. Previously, knowing the 

absolute position of the die slot thickness during an extrusion process has not be 

possible, e.g., due to the backlash in differential bolts. Using the known target thickness 

and the measured extruded product thickness profile, Equation 1 can predict an 

appropriate die slot change. For example, as we know by inference the relationship 

between die slot thickness profile and extruded product thickness profile from the 

known die slot thickness profile and the measured extruded product thickness profile 

and can thus predict a slot thickness profile to obtain the target thickness profile. 

[0068] Assuming that other elements of the flow path are of less importance, for a 

Newtonian fluid, the predicted slot thickness corresponding to actuator -r-, B'i is 

calculated as shown in Equation 4. 

t:) /3  
B: = 	= 	Bi  

t: 
(Equation 4) 

[0069] For a Power Law fluid, Equation 4 may be represented as Equation 5. 

(1/ 	
N 

 
r!) /24) 

/3: = Bf 	 ' 	 n  
ti 

(Equation 5) 

[0070] 	For purposes of illustration, the fluid mechanical predictions can include the 

geometric circumstances of the die. For a flexible die lip such as flexible die lip 32 in 

15 



WO 2012/170713 	 PCT/US2012/041389 

FIG. 3, the slot height may be better approximated by considering converging or 

diverging slots with a nominal fixed slot at the hinge point. Assuming the hinge point 

slot remains constant, then Equation 6 applies. 

(Su 	— Biii„56 ) 
'"P SW — B  Hinge 4. 	 X 

L 

(Equation 6) 

[0071] According to the fluid mechanics lubrication approximation: 

Q 	(P  Lip — PHing)BLinge Biip 
= 

141 	610 Hinge + B Lip) 

(Equation 7) 

[0072] This results in Equation 8. Equation 9 represents ci for Equation 8. 

CIA: eq-3- 4CiB ii  
L e 	mg E N = i‘,Lip 	2 	r:7E1714e  

(Equation 8) 

z 
Bt7,1i i-ng...Bi,Lip 

1:B[..,..HEIg  L?, +BUip) 

(Equation 9) 

[0073] These closed form examples are useful, but it is clear that one may extend the 

model to include every conceived detail of the mechanical, thermal, and fluid dynamical 

process details. The better the predictive model, the more rapid the techniques disclosed 

herein will converge to the best operating condition for the desired extrudate profile. 

[0074] Equations 1 — 9 are merely exemplary, and any number of equations may be 

used to predict the settings for actuator assemblies 200 in slot die 10 corresponding to a 

preselected cross-web profile. For example, predicting the optimal settings for actuator 

assemblies 200 in slot die 10 may include modeling heat transfer and thermal 

dissipation throughout slot die 10 and the extrudate. Such predictive modeling may 
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include prediction of the mechanical deflections of the die assembly and mechanical 

elements due to thermal and flow induced forces. As previously mentioned, such 

models may rely upon finite element analysis, or may use more general equations to 

predict the settings for actuator assemblies 200 in slot die 10 corresponding to the 

preselected cross-web profile. 

[0075] Once controller 300 predicts the settings for actuator assemblies 200 in slot die 

10 corresponding to the preselected cross-web profile, slot die 10 is operated by passing 

an extrudate through the fluid flow path and out applicator slot 6 with the actuator 

assemblies 200 positioned according to the set of predicted settings (508). 

[0076] During the operation of slot die 10, controller evaluates the cross-web profile of 

the extrudate after it exits the applicator slot according to measurements of the extruded 

product (510). For example, controller 300 may receive inputs from a sensor that 

directly measures thicknesses of the extruded product at multiple cross-web locations. 

As one example, a beta radiation thickness gauge may be used to measure the 

thicknesses of the extruded product during operation of a slot die. For strip coating, 

controller 300 may receive inputs from a sensor that directly measures strip width 

and/or thickness of individual strips. Using the evaluation of the cross-web profile, fluid 

dynamics and the digital model of the die, controller 300 then determines whether 

adjustments to the predicted set of discrete settings may provide a cross-web profile of 

the extrudate after it exits the applicator slot that more closely matches the preselected 

cross-web profile. 

[00771 If controller 300 determines that adjustments to the predicted set of discrete 

settings may provide a cross-web profile of the extrudate after it exits the applicator slot 

that more closely matches the preselected cross-web profile, the controller predicts an 

improved set of discrete settings from the plurality of discrete settings corresponding to 

the preselected cross-web profile (512). While continuing to operate the slot die by 

passing the extrudate through the fluid flow path and out the applicator slot, controller 

300 repositions the actuators according to the improved predicted set of discrete settinus 

(514). Steps 510, 512 and 514 may be repeated until controller 300 determines that the 

predicted set of settings cannot be improved and/or at periodic intervals to maintain a 

desired cross-web profile. A set of discrete settings (514) can be saved as a recipe for. 

future retrieval and use at a future time minutes, hours, or years later when similar 
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materials, extrusion or coating properties, and processing conditions are required. 

[0078] FIG. 6 is a flowchart illustrating techniques for selecting the position of each 

actuator in a plurality of actuators of a slot die according to a preselected die cavity 

pressure. While not limited to the slot dies disclosed herein, for clarity, the techniques 

of FIG. 6 are described with respect to slot die 10 (FIGS. IA — 1B), actuator assembly 

200 (FIG. 4) and controller 300 (FIG. 4). In different examples, the techniques of FIG. 6 

may be utilized for a film slot die, a multi-layer slot die, a hot melt extrusion coating 

die, a drop die, a rotary rod die, an adhesive slot die, a solvent coating slot die, a water-

based coating die, a slot fed knife die or other slot die. 

[0079] First, a slot die, such as slot die 10, is obtained (602). The slot die includes an 

applicator slot extending about a width of the slot die and a plurality of actuators spaced 

about the width of the slot die. The applicator slot is in fluid communication with a fluid 

flow path through the slot die. Each actuator in the plurality of actuators is operable to 

adjust a cross-directional thickness of the fluid flow path at its respective location to 

provide a local adjustment of fluid flow through the applicator slot. 

[0080] Next, a controller, such as controller 300, in communication with each actuator 

is obtained (604). The controller is configured to set the position of each actuator 

according to one of a plurality of discrete settings, such as measured position of sensor 

230 and/or a stepper motor setting for motor 210. 

[0081] Using fluid dynamics and a digital model of die 10, such as a solid model of die 

10, controller 300 predicts a set of discrete settings from the plurality of discrete settings 

corresponding to a preselected die cavity pressure (606). In different examples 

controller 300 may retrieve the preselected die cavity pressure from a non-transitory 

computer readable medium or may receive the preselected die cavity pressure from a 

user input. 

[0082] In different examples, the predicted setting may correspond to measurements 

from sensor 230 and/or discrete positions settings for motor 210. Sensor 230 may 

provide more precise position information to controller 300 than that provided by the 

motor 210. For this reason, controller may predict settings for an actuator assembly 200 

based on measurements from sensor 230 and may operate motor 210 to locate output 

shaft 222 according to the predict setting rather than directly driving motor 210 to a 

number of step corresponding to the predicted position. 	, 
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100831 Fluid dynamics, known fluid properties of the extrudate, and a digital model of a 

die allows controller 300 to predict discrete setting for the actuators of slot die 10. 

Modeling of an extrudate flowing through a die may incorporate many aspects of the die 

itself including applicator slot width, a distance from the manifold cavity to the exit of 

the applicator slot, and a slot thickness, which is the narrow dimension of the applicator 

slot between the two parallel surfaces defining the slot itself. 

[0084] Any number of equations may be used to predict the settings for actuator 

assemblies 200 in slot die 10 corresponding to a preselected die cavity pressure. For 

example, predicting the optimal settings for actuator assemblies 200 in slot die 10 may 

include modeling heat transfer and thermal dissipation throughout slot die 10 and the 

extrudate. As previously mentioned, such models may rely upon finite element analysis, 

or may use more general equations to predict the settings for actuator assemblies 200 in 

slot die 10 corresponding to the preselected die cavity pressure. 

[0085] Once controller 300 predicts the settings for actuator assemblies 200 in slot die 

10 corresponding to the preselected die cavity pressure, slot die 10 is operated by 

passing an extrudate through the fluid flow path and out applicator slot 6 with the - 

actuator assemblies 200 positioned according to the set of predicted settings (608). 

100861 During the operation of slot die 10, controller measures the die cavity pressure 

within die cavity 4 (610) or at a suitable measurement point in flow path, which may 

occur before or after fluid flow path entry 5. For example, controller 300 may receive 

inputs from a sensor that directly measures die cavity pressure within die cavity 4. 

Using the measured die cavity pressure, fluid dynamics and the digital model of the die, 

controller 300 then determines whether adjustments to the predicted set of discrete 

settings may provide a die cavity pressure that more closely matches the preselected die 

cavity pressure. 

[0087] If controller 300 determines that adjustments to the predicted set of discrete 

settings may provide a die cavity pressure that more closely matches the preselected die 

cavity pressure, the controller predicts an improved set of discrete settings from the 

plurality of discrete settings corresponding to the preselected die cavity pressure (612). 

While continuing to operate the slot die by passing the extrudate through the fluid flow 

path and out the applicator slot, controller 300 repositions the actuators according to the 

improved predicted set of discrete settings (614). Steps 610, 612 and 614 may be 
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repeated until controller 300 determines that the predicted set of settings cannot be 

improved and/or at periodic intervals to maintain a desired die cavity pressure. 

10088] In some examples, the techniques of FIG. 6 may be combined with the 

techniques of FIG. 5. For example, controller 300 may seek to provide a cross-web 

profile with a consistent thickness, while also maintaining a preselected die cavity 

pressure. In such examples, controller 300 may use the same fluid dynamics and a 

digital model of the die discussed with respect to FIG. 5 and FIG. 6 to determine 

settings for actuator assemblies 200 that will provide both a cross-web profile and a 

preselected die cavity pressure. In one example, the pressure control enables control of a 

die arranged to coat strips or precise width. Further, the pressure control can be 

accomplished where a sensor to detect strip width in communication with controller 300 

is utilized to select the die pressure control. A set of discrete settings (514) can be saved 

as a recipe for future retrieval and use at a future time minutes, hours, or years later 

when similar materials, extrusion or coating properties, and processing conditions are 

required.  

[0089] FIG. 7 is a flowchart illustrating techniques for clearing a slot die by increasing 

the cross-directional thickness of the fluid flow path adjacent each of the actuators while 

continuing to operate the die. While not limited to the slot dies disclosed herein, for 

clarity, the techniques of FIG. 7 are described with respect to slot die 10 (FIGS. lA — 

1B), actuator assembly 200 (FIG. 4) and controller 300 (FIG. 4). In different examples, 

the techniques of FIG. 7 may be utilized for a film slot die, a multi-layer slot die, a hot 

melt extrusion coating die, a drop die, a rotary rod die, an adhesive slot die, a solvent 

coating slot die, a water-based coating die, a slot fed knife die or other slot die. 

[0090] First, a slot die, such as slot die 10, is obtained (702). The slot die includes an 

applicator slot extending about a width of the slot die and a plurality of actuators spaced 

about the width of the slot die. The applicator slot is in fluid communication with a fluid 

flow path through the slot die. Each actuator in the plurality of actuators is operable to 

adjust a cross-directional thickness of the fluid flow path at its respective location to 

provide a local adjustment of fluid flow through the applicator slot. 

[0091] Next, a controller, such as controller 300, in communication with each actuator 

is obtained (704). The controller is configured to set the position of each actuator 

according to one of a plurality of discrete settings, such as measured position of sensor 
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230 and/or a stepper motor setting for motor 210. Controller 300 then positions each of 

the actuators with the controller according to a set of discrete settings selected from the 

plurality of discrete settings (706), and slot die 10 is operated by passing an extrudate 

through the fluid flow path and out applicator slot 6 with the actuator assemblies 200 

positioned according to the set of discrete settings (708). 

[0092] Next, a defect in a profile of the extrudate after the extrudate flows out of the 

applicator slot is observed, e.g., either by controller 300 or by a user. As discussed in 

conjunction with Equation 3, any small disturbance to the flow in the die slot will result 

in a disruption to the flow of liquid emitted from the die slot, thus affecting the cross-

web uniformity of the extruded product or coating. Often, such disturbances are 

associated with gels or particulates getting caught in the die slot itself. In coating, this 

flow blockage results in a streak, or if wider, a band in the coating. In film extrusion, 

this results in undesirable die lines. For this reason, it is desirable to allow the impurity 

to pass through the die. 

[0093] In order to allow the impurity to pass through the die, once the defect in the 

profile of the extrudate after the extrudate flows out of the applicator slot is observed, 

controller 300 increases the cross-directional thickness of the fluid flow path adjacent 

each of the actuator assemblies 200 while continuing to pass the extrudate through the 

fluid flow path and out the applicator slot (710). For example, controller 300 may 

operate actuator assemblies 200 in unison or sequentially to increase the thickness of the 

fluid flow path through slot die 10. 

[0094] After increasing the cross-directional thickness of the fluid flow path adjacent 

each of the actuators to allow the disturbance to clear the die, while continuing to pass 

the extrudate through the fluid flow path and out the applicator slot, controller 

repositions each of the actuators with the controller according to the original set of 

discrete settings, i.e., the most recent set of adjusted settings prior to the purge 

operation, to resume operating the slot die with the actuators positioned according to the 

original set of discrete settings (712). In some examples, the repositioning of the 

actuators according to the original set of discrete settings may occur within thirty 

minutes, such as less than fifteen minutes, less than five minutes, less than two minutes 

or even less than one minute, of increasing the cross-directional thickness of the fluid 

flow path adjacent the actuators. 
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[0095] FIG. 8 is a flowchart illustrating techniques for purging a slot die by 

substantially closing the fluid flow path adjacent each of the actuators while continuing 

to operate the die. While not limited to the slot dies disclosed herein, for clarity, the 

techniques of FIG. 8 are described with respect to slot die 10 (FIGS. I A — 1B), actuator 

assembly 200 (FIG. 4) and controller 300 (FIG. 4). In different examples, the techniques 

of FIG. 8 may be utilized for a film slot die, a multi-layer slot die, a hot melt extrusion 

coating die, a drop die, a rotary rod die, an adhesive slot die, a solvent coating slot die, a 

water-based coating die, a slot fed knife die or other slot die. 

[0096] First, a slot die, such as slot die 10, is obtained (802). The slot die includes an 

applicator slot extending about a width of the slot die and a plurality of actuators spaced 

about the width of the slot die. The applicator slot is in fluid communication with a fluid 

flow path through the slot die. Each actuator in the plurality of actuators is operable to 

adjust a cross-directional thickness of the fluid flow path at its respective location to 

provide a local adjustment of fluid flow through the applicator slot. 

[0097] Next, a controller, such as controller 300, in communication with each actuator 

is obtained (804). The controller is configured to set the position of each actuator 

according to one of a plurality of discrete settings, such as measured position of sensor 

230 and/or a stepper motor setting for motor 210. Controller 300 then positions 

positioning each of the actuators with the controller according to a set of discrete 

settings selected from the plurality of discrete settings, and slot die 10 is operated by 

passing an extrudate through the fluid flow path and out applicator slot 6 with the 

actuator assemblies 200 positioned according to the set of discrete settings (806). 

[0098] Next, either a user or controller 300 decides to interrupt the extrusion process 

through slot die 10. Accordingly. controller 300 substantially closes the fluid flow path 

adjacent each of the actuator assemblies 200 (808). For example, controller 300 may 

operate actuator assemblies 200 in unison or sequentially to substantially the fluid flow 

path through slot die 10. 

[0099] Actually stopping flow of the extrudate through slot die 10 may be undesirable; 

e.g., it may take significant time on start-up to each equilibrium temperatures of slot die 

10 and the extrudate. In addition, for a heated extrudate, stopping the flow may be 

undesirable due to thermal degradation of the stagnant material in the flow system. For 

this reason, a slot die, such as slot die I0, may include a purge valve (not shown in the 
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figures). The extrudate may continue to flow through the slot die once by purging the 

extrudate from the purge valve while the fluid flow path is substantially closed (810). 

For example, the purge valve may operate as a pressure relief valve and may open 

automatically once controller 300 substantially closes the fluid flow path adjacent each 

of the actuator assemblies 200 due to increased pressure within die cavity 4. In other 

examples, the purge valve may be actively opened, either by controller 300 or an 

operator. 

[0100] After substantially closing the fluid flow path adjacent each of the actuator 

assemblies 200, while continuing to purging the extrudate from the purge valve, once 

ready to resume operations, controller 300 repositions each of the actuators according to 

the original set of discrete settings (812). In addition, the purge valve is closed, either 

automatically or manually to resume operation of the slot die (814). In some examples, 

the repositioning of the actuators according to the original set of discrete settings to 

resume operating the slot die with the actuators positioned according to the set of 

discrete settings may occur within thirty minutes, such as less than fifteen minutes, less 

than five minutes, less than two minutes or even less than one minute, of substantially 

closing the fluid flow path. 

[0101] FIG. 9 illustrates a strip coating 900, which includes strips 904 that form a strip 

pattern created by repeatedly adjusting actuator position settings in a slot die. Strips 904 

were extruded simultaneously from a single die, such as slot die 10 along direction 902. 

In particular, strip coating 900 provides strips 904 having varying widths. 

101021 A slot die, such as slot die 10 may be operated to produce strips 904 by 

positioning each of the actuators with the controller according to a first set of discrete 

settings selected from the plurality of discrete settings and by passing an extrudate 

through the fluid flow path and out the applicator slot with the actuators positioned 

according to the first set of discrete settings. Then, while passing the extrudate through 

the fluid flow path and out the applicator slot, controller 300 may change the positions 

of the actuators with the controller to create strips having varying widths. 

[0103] For example, controller 300 may cycle between a series of sets of discrete 

settings including the first set of discrete settings such that the varying widths of strips 

904 provide a substantially repeating pattern, such as that shown in FIG. 9. Controller 

300 may continue to change the position of the actuators while passing the extrudate 
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through the fluid flow path and out the applicator slot to create varying widths in the 

extrudate for a period in excess of ten minutes, such as a period in excess of thirty 

minutes, a period in excess of one hour, a period in excess of three hours or even a 

period in excess of twelve hours. 

[0104] FIG. 10 illustrates extruded product 910 including a pattern created by 

repeatedly adjusting actuator position settings in a slot die. Extruded product 910 was 

extruded from a die, such as slot die 10 along direction 912. As shown in FIG. 10, 

lighter sections represent relatively thicker portions of the patterned product and darker 

sections represent relatively thinner portions of the patterned product. In particular, 

extruded product 910 includes a series of ridges that extend at an angle across a width of 

product 910. 

[0105] A slot die, such as slot die 10, may be operated to produce extruded product 910 

by positioning each of the actuators with the controller according to a first set of 

discrete settings selected from the plurality of discrete settings and by passing an 

extrudate through the fluid flow path and out the applicator slot with the actuators 

positioned according to the first set of discrete settings. Then, while passing the 

extrudate through the fluid flow path and out the applicator slot, controller 300 may 

change the positions of the actuators with the controller to create patterned features in 

the extrudate. 

[0106] In some examples, controller 300 may selects randomized settings from the 

plurality of discrete settings such that the patterned features in the extrudate are 

randomized pattern features. The randomized settings selected by the controller 

conform to preselected specifications for the randomized pattern features, for example, 

such preselected specifications may represent an average extruded product thickness, a 

standard deviation of product thickness or other product profile specification. 

[0107] In other examples, controller 300 may cycle between a series of sets of discrete 

settings including the first set of discrete settings such that the patterned features in the 

extrudate are a substantially repeating pattern, such as that shown in FIG. 10. Controller 

300 may continue to change the position of the actuators while passing the extrudate 

through the fluid flow path and out the applicator slot to create patterned features in the 

extrudate for a period in excess of ten Minutes, such as a period in excess of thirty 
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minutes, a period in excess of one hour, a period in excess of three hours or even a 

period in excess of twelve hours. 

10108] Controller 300 may retrieve the first set of discrete settings and preselected 

specifications for the pattern features from a non-transitory computer readable medium. 

In other examples, controller 300 may receive the first set of discrete settings and 	' 

preselected specifications for the pattern features from a user input. 

[0109] FIGS. 11A — 11 D illustrate an example user interface 920 for a slot die 

controller. User interface 920 may interact with controller 300 to control operations of a 

set of actuator assemblies to control the operation of a slot die. As indicated in FIG. 

1 1A, user interface 920 includes indications of a selected slot die operation program 

924, die temperature 926 and die pressure 928. User interface 920 also include a set of 

selectable buttons that control operations of the die as well as corresponding cancel 

button, which allow a user to cancel the selection of one of the selectable buttons in the 

event that a selectable button was inadvertently activated. Selectable button 930 is 

configured to initiate a purge operation, such as the techniques disclosed herein with 

respect to FIG. 8. Selectable button 932 is configured to initiate a slot-clearing 

operation, such as the techniques disclosed herein with respect to FIG. 7. Selectable 

button 934 is configured to resume operation of the slot die according to the previous 

settings after a purge operation or a slot-clearing operation. 

[0110] FIG. 11A also illustrates profile tab 940. Selection of profile tab 940 displays a 

graph including an indication of an extrudate product profile measured across a width of 

the extrudate product. The chart also displays an actuator number relative to the width 

of the extrudate product. In addition, profile tab 940 includes a scroll bar 942, which 

may be used to view the extrudate product profile at different times. However, as shown 

in FIG. 11A, scroll bar 942 is in the most forward position, such that profile tab 940 

displays the current extrudate product profile and not a historical record of the extrudate 

product profile. 

[0111] FIG. 11B illustrates slot height tab 950. Selection of slot height tab 950 displays 

a graph including an indication of slot height across a width of the die. The chart also 

displays an actuator number relative to the width of the slot height. In addition, slot 

height tab 950 includes a scroll bar 952, which may be used to view the slot height at 

different times. However, as shown in FIG. 11B, scroll bar 952 is in the most forward 
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position, such that slot height tab 950 displays the current extrudate product profile and 

not a historical record of the extrudate product profile. Slot height tab 950 further 

includes selectable button, which may be used to save the current actuator settings for 

later retrieval. 

[0112] FIG. 11C illustrates auto-select average setpoint tab 960. Selection of auto-select 

average setpoint tab 960 displays a chart including the actuator position associated with 

each actuator of the slot die, the actual current height of the die slot corresponding to 

each actuator position, and the measured extrudate thickness by weight and height. In 

addition, auto-select average setpoint tab 960 includes a selectable update setpoint 

button 964. Selection of selectable update setpoint button 964 causes the controller to 

calculate new setpoints that will limit variability in the product profile. The new 

setpoints are then displayed in the chart of auto-select average setpoint tab 960. 

Selectable button 966 allows a user to then change the position of the actuators 

according to the calculated new setpoints. 

[01131 Beyond the "Set to Average" functionality which aims for a uniform or flat 

coated/extruded profile, the controller 300 can be set to deliberately produce other 

useful profiles. For example, in some extrusion operations, you might desire a 

"dogbone" profile where the extruded sheet is thicker at the edges. This type of profile 

can provide more stability of the extruded curtain at the expense of having to slit off of 

the edges of the film before final use. A dogbone profile is also sometimes useful if 

tentering is contemplated downstream of the extrusion operation. Such a non-uniform 

profile is accomplished via the use of Equation 5. When setting the Preselected Profile 

Flat, then t,' is selected as the average of the measured profile of t, values. To set a non-

uniform profile, t,' could be any desired different array of targets. 

[0114] FIG. II D illustrates auto-select pressure tab 970. Selection of auto-select 

pressure tab 970 displays a chart including the actuator position associated with each 

actuator of the slot die, the actual current height of the die slot corresponding to each 

actuator position, and the measured extrudate thickness by weight and height. In 

addition, auto-select pressure tab 970 includes a selectable update setpoint button 974. 

Selection of selectable update setpoint button 974 causes the controller to calculate new 

setpoints according to the pressure indicated in the "set new pressure" box 978. The 

new setpoints are then displayed in the chart of auto-select pressure tab 970. Selectable 
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button 976 allows a user to then change the position of the actuators according to the 

calculated new setpoints. 

• [0115] In one example, in the control of the cross-web thickness profile in a coating or 

film extrusion operation, interaction matrices are a useful tool for translating input 

parameters to responses and vice-versa. One example is the bending of a die lip to 

achieve a particular slot gap profile that in turns creates a desired coating or film 

thickness profile. Typically, coating liquid is distributed across the width of a coating 

die via careful design of the flow geometry of the die manifold which consists of a die 

cavity connected to one or more die slots. Often the final die slot that the liquid passes 

through before exiting the die has a gap which can be varied by adjusting a plurality of 

actuators. The die lip on one side of the slot is movable by virtue of the actuators and a 

flexible design whereas the opposing die lip is usually fixed and relatively stiff. One or 

more of the lip actuators is moved which either decreases or increases the gap between 

the opposing lips in a local region around where the actuator is located. Sometimes, 

instead of an adjustable final gap, one of the other upstream slots is made adjustable by 

virtue of a separate adjustable member that forms one side of the slot, i.e. a choker bar. 

[0116] Whether the adjustable gap is the final die slot or the choker bar slot, a knife 

coater, or other, this slot gap would be determined by measuring the slot gap at a 

multitude of cross-web positions, as represented by Equation 10. 

h, -= h(x ,), i =1, N „, 	(Equation 10) 

[0117] The value of the slot gap at these measurement points depends upon the 

positions of the die lip actuators, and so, with complete generality the functional form of 

this dependence can be represented by the following Taylor Series: 

N 
h(A), n o (A 0)+ an   a2h 

(A 	A 0 )+ (A 	Ao )• • — 	 — • (A —A0 )+H.o.r. 
A. 

aA A. 	 aA 2 

(Equation 11) 

[0118] In Equation 11, h is the vector of gap measurements, A is the vector of actuator 

settings, and ho and Ao  refer to an initial set of actuator settings and gap measurements. 

The length of h would be Nm, the number of measurement points, and the length of A 

would be the number of Actuators, Na. The stiffness matrix, is 	2 NmxNa —
ah . a rank 
aA 
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a z h  
the Hessian 	 is 	3 NaxNmxNa 	In matrix, whereas 	 matrix, —

aA2, 
	rank 	 matrix. 	some 

examples, the range of lip movement is generally within the range governed by linear 

elasticity such that that the Hessian matrix components and contributions from higher 

order terms are virtually zero. As a result, changes in the slot gap due to actuator 

position changes can be closely represented by the stiffness matrix alone, as represented 

by Equation 12. 

(11 	
, 	an 

	

h o ) 	•( 	 12) — 	= 	ik—A0 ) 	 (Equation 
aA 

ah, 
The 	 has NmxNa 	 the [0119] 	stiffness matrix 	components, — , and physically represents 

aA l 

change in the slot gap at the measurement point, x„ due to a change in the jth actuator 

position, A j . If the die lip was infinitely flexible, almost all of the stiffness matrix 

components would be zero — only if the actuator position coincided with the 

measurement point would the stiffness matrix component be nonzero. If the 

measurement points are at the same locations as the actuators, in this scenario the 

stiffness matrix becomes diagonal, as represented by Equation 13. 

K 	kI 	kg 	 13) 
5A 
—
an 	

= = = 	 y 	(Equation 

[0120] In Equation 13, k is a proportionality constant that converts actuator position 

changes to slot gap changes and is the same for each actuator. But, real die lips are not 

Infinitely flexible and a change in an individual actuator changes the slot gap in a region 

around the actuator location. How far this region of influence extends is reflected in 

how far from the diagonal nonzero components appear in the stiffness matrix. In this 

way, the lip stiffness matrix incorporates in its components all interactions between 

actuator movements and slot gap changes across the entire width of the die. 

[0121] Experimentally measuring the stiffness matrix of a die lip can be accomplished 

by finite differencing. The difference between slot gap measurements across the die slot 

width when each actuator is independently displaced provides the rows of the stiffness 

matrix. For example, centered differencing would proceed as follows: 
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hjA0 +6,i )—h,(A0 —A.) 
— K 	 (Equation 14) 

li — 	 2Ai 

[0122] In Equation 14, A implies that all actuators are at their initial locations except 

for the jth actuator which is displaced a distance A in first the positive direction 

followed by displacement in the negative direction. The difference between the slot gap 

measurements. at these two settings relative to the displacement magnitude provides a 

centered difference approximation to the stiffness matrix components. Centered 

differencing in.  this fashion offers higher accuracy than forward or backward 

differencing but does require twice as many measurements. Additional measurements at 

different displacements would allow the use of higher order differencing techniques, but 

centered differencing affords reasonable accuracy with limited effort. 

[0123] Numerical differencing theory suggests that there is an optimal displacement 

magnitude that should be used in centered differencing to produce the most accurate 

stiffness matrix entries, (Richard L. Burden et al., Numerical Analysis 131 - 133 (2' ed. 

1981).The error implicit in centered differencing is second order accurate in the 

displacement size, i.e., is proportional to the displacement squared. But the slot gap 

measurements have an uncertainty associated with them so when both of these errors 

are accounted for, the optimal choice of A is: 

p, = \I3Ah A. 	 15) (Equation 
Al 

[0124] In Equation 15, Ah is the slot gap measurement error and M is an upper bound to 

,a3 h 
derivative 	 But 	M 	be hard the third 	 of the gap-actuator relationship, -,-. 	since 	may 	to 

aA. 

estimate, Equation 15 provides guidance rather than a true optimal value. 

[0125] FIG. 12 displays slot gap measurements (i.e. "Bump" test) for individual 

actuator displacements which were used to calculate the stiffness matrix entries for a die 

according to Equation 14. Specifically, FIG. 12 illustrates how moving each actuator 

changes the slot die heights across the entire die slot. 

[0126] Actuator displacements that corresponded to roughly a 1 mil change in the slot 

gap were used. Apparent in the graph is the interaction between actuators - an actuator 

position change produced a slot gap change as far as 2 neighboring actuators distant. 
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This produces a lip stiffness matrix with significant nonzero components along 5 

diagonals of the matrix — the main diagonal plus 2 diagonals on either side. 

[0127] The stiffness matrix determined in this way — i.e., applying Equation 14 to the 

slot gap measurements displayed in FIG. 12 - can be used in two ways. First, for any set 

of actuator settings, the resulting slot gap profile can be computed by multiplying the 

stiffness matrix with the actuator displacements: 

01 —11 0 )=K •(A —A 0 ) 	 (Equation 16) 

[0128] Secondly. the actuator settings that will result in a specified slot gap profile are 

calculated through the inverse of the stiffness matrix: 

(A—A 0 ),  ICI  •(h—h o ) 	(Equation 17) 

[0129] Since the gap-actuator relationship is strongly linear — i.e., the Hessian matrix 

components in equation (Equation 11) have a value of virtually zero — the choice of the 

initial gap and actuator positions (110  and Ao) is arbitrary. 

[0130] EXPERIMENTAL METHODOLOGY 

[0131] As mentioned previously, the "Bump" test was used to produce FIG. 12, i.e., to 

experimentally determine how the movement of each actuator effects the entire cross-

web profile of a die slot. As represented in FIG. 12, the "Bump" test was performed for 

each actuator on the extrusion die. 

[0132] First, the die slot is set to a flat initial slot (condition 1) using manual adjustment 

of the actuators. 

[0133] Next, each actuator was individually bumped (moved) +/-200 Actuator Units. In 

the actual experiment, 1 Actuator Unit equaled 0.18 micron movement of the actuator 

shaft. The test was done with no end plate seals installed on the die. FIG. 12 shows the 

actual actuator set-point recipes derived from the bump testing for each of the 31 die 

slot gap profiles measured. 

[0134] In contrast to FIG. 12, FIG. 13 illustrates the raw data measured from the bump 

test. As shown in FIG. 13, there is some variation to the actuator response to the bump 

test between actuators. The raw data of FIG. 13 %vas normalized to create the response 

output shown in FIG. 12. There may be any number of techniques used to normalize 
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raw data from a bump test in order to produce a more accurate interaction matrix than 

provided by the bump test itself. One such technique is described below. 

101351 First the raw data representing displacement of the die slot from individually 

bumping each actuator is used to populate an interaction matrix. The data of this 

interaction matrix is graphically represented as FIG. 13. FIG. 14 illustrates the actuator 

position (in actuator units) used to determine the change in actuator position during the 

bump test. The data shown in FIG. 14 may be converted to represent a die slot gap 

profile using the known, actuator positions and known die slot gap profile prior to the 

bump testing and using the known relationship between actuator units and movement of 

the actuator shaft, e.g., as previously mentioned, 1 actuator unit equaled 0.18 micron 

movement of the actuator shaft. Thus, the changes in actuator position can readily be 

used to measure the die slot gap profile. 

[0136] This experimental data may then be refined to produce the interaction matrix 

graphically represented by FIG. 12. Looking at the raw data in view of the logical 

similarities between actuator, one can utilize the power of averaging to remove some of 

the noise from the data set and calculations.  

[0137] The matrices can then be incorporated into a die control system in order to adjust 

the die slot height to provide desired material profiles. 

[0138] In one example, the matrices are incorporated into workbook as represented by 

FIG. 15. This can be used in multiple ways. If a current "datum" slot is known, i.e. the 

fifteen different actuator positions and the measured die slot height are known, then the 

interaction matrix can be used to calculate new actuator set points for any desired slot 

gap profile. Further, if the desired slot is a new refined flat slot, simply take the die slot 

measurement and enter the current actuator positions and die slot measurements in row 

5 and 6 of FIG. 15. The desired flat slot may be entered in row 9. The workbook then 

provides the new actuator set points in row 10. In some examples, the workbook 

functionality may in incorporated into a die controller, e.g., as discussed with respect to 

FIGS. 11. Thus, the interaction matrix for a die may be utilized to select actuator 

adjustments in order to provide a desired die slot profile. 

[0139] FLOW SENSITIVITY MATRIX TECHNIQUES 
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[0140] While the lip stiffness matrix effectively translates actuator positions to slot gap 

profiles and vice-versa, there is another interaction matrix that is potentially more useful 

in profile control activities. This matrix would be the flow sensitivity matrix which• 

translates slot gap profiles to cross-web coating or film thickness profiles and vice- 

versa. It incorporates interactions between the adjustable slot gap and the rest of the die 

manifold flow geometry as well as flow interactions in the coating bead flow that the 

liquid experiences downstream of the die manifold. Following Equation II, the 

dependence of the coating thickness profile on the slot gap can be expressed by a 

similar Taylor's Series: 

, 	at. 
t(n),  to(no)+ — • (h 

2 
no)• 

a  t 
—n o )+(n — • (n —10+ H.O.T. 

ah ah 2  h.  ho  

(Equation 18) 

[0141] Here t is the vector of cross-web coating or film thickness measurements. But in 

contrast to the lip stiffness matrix, in this case the Hessian matrix components are not 

near zero and the higher order terms have significant magnitude. Or to put this concept 

alternatively, consider the linear approximation analogous to Equation 12: 

	

, 	at 
(t 	to)  — 	_--: — • (n —n o ) 	 (Equation 19) 

h. 
 an 

101421 The accuracy of the output of Equation 19 depends on the conditions for which 

the flow sensitivity matrix, 
a 
—

t 
, was calculated. These processing conditions would 

h. 
 an 

include mainly the slot gap and film drawdown, but may also include coating speed, 

temperature, etc. Despite these inherent nonlinearities, the local approximation to the 

flow sensitivity matrix is still useful in cross-web profile control algorithms. It can be 

approximated in a procedure similar to Equation 14, but instead of direct experimental 

measurements, flow model predictions can be effectively used in the differencing 

formulas. 

S 
	at 	

S. 	
at;  ti  (n + A ; )— ti  (n — A i  ) 

- (Equation 20) -.- —: Jr  = 
an 	J 	ah. 

J  
26,i 

[0143] FIG. 16 shows examples of final film thickness profiles calculated from 

combination of die manifold flow and film drawdown first principles' models. Shown 
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there is a baseline profile together with profiles computed when the slot gap is displaced 

at each actuator location. The edges of the film are thicker due to the film "neck-in" and 

the flow sensitivity to actuator changes is amplified there, but the comparison in the 

middle of the film display consistent interactions of the film thickness with gap changes 

at those actuator locations. In each case, the film thickness location is translated to the 

lip location where that material emerged. 

[0144] Because of flow nonlinearities, the flow sensitivity matrix changes depending on 

the current processing conditions. This is represented in FIG. 17, which compares 

thickness profiles for a particular actuator gap change under different process 

conditions. FIG. 17 represents calculation of the flow sensitivity changes for a particular 

actuator for different process conditions. In the example of FIG. 17, thickness profile 

changes for final slot gaps of 10, 15, and 20 mils are shown together with web speeds of 

16.25, 32.5, and 65 fpm. The shape of the thickness profile change is similar but the 

magnitude changes depending on slot gap and film drawdown magnitude. As a result, 

the flow sensitivity matrix that corresponds to current process conditions should be the 

one used for control purposes. That is, either flow sensitivity matrices should be 

computed "just in time" or a number of them should be pre-computed for different 

process conditions and an interpolation scheme utilized. 

[0145] GAUSS-NEWTON PROFILE CONTROL STRATEGY 

[0146] As an illustration of how the flow sensitivity matrix can be used in a profile 

control strategy, let's consider a Gauss-Newton strategy for controlling the coating 

thickness profile to its desired state. That is, minimizing the following objective 

function should lead to the actual coating profile matching its desired form: 

F __,____1 i 1) tactual  ( X  i ' 1'1) — 1  desired (r; 
, xi 
	_ 	_ 	— ce<A- 	TV 	e 	(Equation 21) 

10147] In Equation 21, t 	irepresents thickness profile measurements (N in total) at 

the cross-web positions, xi, and t" -ttesired is the desired thickness which may or may not be 

position-dependent. The observed thickness profile depends on the positions of the Na 

actuators, bb (analogous to hi  above), and the cross-web position is mapped from the 
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actual measurement point to the actuator location where the coating emerged from the 

die. A characteristic value of the coating thickness, (t) , is used to scale the objective 

function. This characteristic value could be an average cross-web thickness or a value at 

a particular cross-web position. Also incorporated into the objective function is the 

possibility that thickness measurements in the edge bead may be discounted. That is, if 

xi is within the edge bead (of width e) its value does not contribute to the objective 

function. 

[0148] In order to control the thickness profile to its desired state, we require that the 

grad iebt of the objective function with respect to each actuator position vanishes: 

ap- 	2 
0 

N  I  acittcrI(X  1 7 b  j) 	I  destrecl(Xt) I 	at actual = —1 
Ob . = 
	

N 
J 	

j.,, (t) 
22) 

(t) 	ab„ 	
(Equation 

[0149] According to the Gauss-Newton method, a Newton's method style correction is 

applied to the current actuator positions to achieve improved actuator positions in a way 

that discounts second order dependencies, i.e., 	a2f  aci 	is ignored: 2""i  
ab, 

b( P)  = b(P -') 
2 a F  [ 

ab,abk  

—1 
OF 

 implied) 	(Equation 23) . 	. (summations 
ab, 

[0150] Of key interest here is the Hessian of the objective function whose components 

are as follows: 

2 	 ' 

	

0, 	2 	at 	al . 

	

F 	_ 	actual 	acival 
2 

 (Equation 24) 
ab„abk 	NW 	ab„ 	abk  

[0151] Note that this Hessian is essentially the inner product of the flow sensitivity 

matrix and is a NaxNa  square matrix. It incorporates the physical interactions of how 

actuator movements influence the cross-web coating profile. If there were no 

interactions between neighboring actuators on the flow profile, this Hessian matrix 

would be diagonal. The number of non-zero off-diagonal components in the Hessian 

matrix indicates the degree of interaction between the actuators. 

[0152] EXAMPLE: GAUSS-NEWTON PROFILE CONTROL STRATEGY 
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[0153] An extrusion die was utilized to extrude a polycarbonate film uniformly. An 

exemplary method was utilized to attain a.flat final extruded profile of the PC film. The 

extruded film caliper (thickness) profile was measured via a beta radiation thickness 

gauge. For each caliper material, the die slot height was initially set to a uniform 14.5 

mil (0.0145 inch = 368 micron) as shown. Then, the die slot was adjusted by separately 

modeling fluid flow at each actuator and determining position adjustments for each 

actuator based on the modeled fluid flow associated with that actuator. 

[0154] Modeling the flow may make use of any appropriate models characterizing fluid 

rheology. For this example, we used the simple model for a power law fluid, where the 

relationship between flow in the slot and the slot geometry is given by the equation: 

Q 	n132 
= 

W 	2(1+2n)
(B13/2KLY" 

(Equation 25) 

[0155] In Equation 25, Q/W is the flow per unit width, B is the slot height, P is 

pressure. L is the slot length (corresponding to the die width), n is the power law index 

and K is the coefficient for power law viscosity. A Newtonian constant viscosity fluid 

has n=1 and K is then the numerical viscosity. 

[0156] As another example, slot uniformity can be characterized by the uniformity of 

the walls of the slot. If each slot has a Total Indicated Runout or TIR of 2t, then the 

percent uniformity of the flow from the slot is then: 

%= I00((B + 0(2±1/11) -(B - tf2÷1/n))/ B(2+un)  
(Equation 26) 

[0157] For a constant viscosity (Newtonian) fluid, this means that the coating 

uniformity goes as the cube of the slot height (B). This relationship is shown as 

Equation 27. 

% Coat Uniformity = 1000 „i ,Y —(13,„„,)3 )1 13 A,,G 3 	(Equation 27) 

[0158] While Equation 27 may not be directly used to predict slot settings because. 

Equation 27 may not account for all details including details related to the extrusion 

flows, materials, to the die design itself. However. Equation 27 demonstrates the 

importance for providing a precisely tuned thickness across the width of the die. In 
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particular, Equation 27 demonstrates that any variations in the thickness of the fluid 

flow path are magnified in the resulting cross-web profile of the extruded product. 

[0159] Equation 25 may, for example, be used to predict a die slot change because, 

according to the techniques disclosed herein, the position of the actuator, and by 

inference the die slot thickness B. is known in combination with the desired extrudate 

target thickness, the current measured extrudate thickness. Previously, knowing the 

absolute position of the die slot thickness during an extrusion process has not been 

possible, e.g., due to the backlash in differential bolts. Using the known target thickness 

and the measured extruded product thickness profile, Equation 25 can predict an 

appropriate die slot change. For example, as we know by inference the relationship 

between die slot thickness profile and extruded product thickness profile from the 

known die slot thickness profile and the measured extruded product thickness profile 

and can thus predict a slot thickness profile to obtain the target thickness profile. 

[0160] Assuming that other elements of the flow path are of less importance, for a 

Newtonian fluid, the predicted slot thickness corresponding to actuator "i", B'i is 

calculated as shown in Equation 28. 

if 

	

ti 	] 3 

	

B:  = (-1 	Si  
ti . 

(Equation 28) 

[0161] For a Power Law fluid, Equation 28 may be represented as Equation 29. 

1 / .1) 

B: = Bi(
ti

)(12-.- 

(Equation 29) 

[0162] In these examples, we used a Power Law index of I.O. 

[0163] FIG. 18 illustrates techniques for retrofitting a slot die with actuator assemblies, 

such as a set of actuator assemblies 200 (FIG. 4). In different examples, the techniques. 

of FIG. 18 may be utilized for a film slot die, a multi-layer slot die, a hot melt extrusion 

coating die, a drop die, a rotary rod die, an adhesive slot die, a solvent coating slot die, a 

water-based coating die, a slot fed knife die or other slot die. 
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[01641 First, a slot die is obtained (1202). The slot die includes an applicator slot 

extending about a width of the slot die and a plurality of actuation mechanisms spaced 

about the width of the slot die. The applicator slot is in fluid communication with a fluid 

flow path through the slot die. Each actuator in the plurality of actuation mechanisms is 

operable to adjust a cross-directional thickness of the fluid flow path at its respective 

location to provide an adjustment of fluid flow through the applicator slot. The slot die 

may be operated using the plurality of actuation mechanisms to control a thickness of a 

fluid flow path across a width of the slot die. 

[0165] In different examples, the actuation mechanisms include one or more of the 

following: thermally-adjustable bolts, differential bolts, piezo-electric actuators, 

pneumatic actuators; and/or hydraulic actuators. In one example, the actuation 

mechanisms include thermally-adjustable bolts and the technique for retrofitting a slot 

die with thermally-adjustable bolts may include evaluating the cross-web profile of the 

extrudate after it exits the applicator slot and adjusting the relative position of one or ' 

more of the actuation mechanisms with its respective thermally-adjustable bolt such that 

the cross-web profile of the extrudate after it exits the applicator slot more closely 

conforms to a preselected cross-web profile. 

[0166] Next, the actuation mechanisms are removed from the die housing (1204). A 

plurality of actuator assemblies, such as actuator assemblies 200, are installed in place 

of the actuation mechanisms (1206). Each actuator assembly in the plurality of actuator 

assemblies is operable to adjust a cross-directional thickness of the fluid flow path at its 

respective location to provide a local adjustment of fluid flow through the applicator 

slot. 

[0167] Next, a controller, such as controller 300, is obtained and a communication link 

is formed between each actuator assembly and the controller (1208). The controller is 

configured to set the position of each actuator assembly according to one of a plurality 

of discrete settings, such as measured position of sensor 230 and/or a stepper motor 

setting for motor 210. 

[01681 Using fluid dynamics and a digital model of the slot die, controller 300 predicts 

a set of discrete settings from the plurality of discrete settings corresponding to a 

preselected die cavity pressure. In different examples, controller 300 may retrieve the 
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preselected die cavity pressure from a non-transitory computer readable medium or may 

receive the preselected die cavity pressure from a user input. 

[0169] In different examples, the predicted setting may correspond to measurements 

from sensor 230 and/or discrete position settings for motor 210. Sensor 230 may 

provide more precise position information to controller 300 than that provided by the 

motor 210. For this reason, controller may predict settings for an actuator assembly 200 

based on measurements from sensor 230 and may operate motor 210 to locate output 

shaft 222 according to the predicted setting rather than directly driving motor 210 to a 

number of step corresponding to the predicted position. 

[0170] Fluid dynamics, known fluid properties of the extrudate, and a digital model of a 

die allows controller 300 to predict discrete settings for the actuator assemblies. 

Modeling of an extrudate flowing through a die may incorporate many aspects of the die 

itself including applicator slot width, a distance from the manifold cavity to the exit of 

the applicator slot, and a slot thickness, which is the narrow dimension of the applicator 

slot between the two parallel surfaces defining the slot itself. 

[0171] Any number of equations may be used to predict the settings for the actuator 

assemblies, and the predicted settings may correspond to, e.g., a preselected cross-web 

profile and/or a preselected die cavity pressure. For example, predicting settings for the 

actuator assemblies may include modeling heat transfer and thermal dissipation 

throughout the slot and the extrudate. In other examples, predicting the setting for the 

actuator assemblies may incorporate a stiffness matrix and/or a flow sensitivity matrix. 

[01721 Once controller 300 predicts the settings for actuator assemblies 200 in slot die 

10 corresponding to the preselected die cavity pressure, the slot die is operated by 

passing an extrudate through the fluid flow path and out the applicator slot with the 

actuator assemblies positioned according to the set of predicted settings (1212). 

[0173] The techniques described in this disclosure, such as techniques described with 

respect to controller 300. may be implemented, at least in part, in hardware, software, 

firmware or any combination thereof. For example, various examples of the techniques 

may be implemented within one or more microprocessors, digital signal processors 

(DSPs), application specific integrated circuits (AS1Cs), field programmable gate arrays 

(FPGAs), or any other equivalent integrated or discrete logic circuitry, as well as any 

combinations of such components, embodied in controllers, user interfaces or other 
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devices. The term "controller" may generally refer to any of the foregoing logic 

circuitry, alone or in combination with other logic circuitry, or any other equivalent 

circuitry. 

[0174] When implemented in software, the functionality ascribed to the systems and 

controllers described in this disclosure may be embodied as instructions on a computer-

readable storage medium such as random access memory (RAM), read-only memory 

(ROM), non-volatile random access memory (NVRAM), electrically erasable 

programmable read-only memory (EEPROM), FLASH memory, magnetic media, 

optical media, or the like. The instructions may be executed to cause one or more 

processors to support one or more examples of the functionality described in this 

disclosure. 

[0175] In different examples, this disclosure is directed to creation of a stiffness matrix 

for translating Slot Position and ACtuator Position and vice-versa. For example, as 

described herein different examples include: using experimental methods such as a 

"bump" test to create a stiffness matrix, a bump test where the number of profile 

measurements is equal to number of actuators, a bump test where the number of profile 

measurements is arbitrary, and using modeling methods to create a stiffness matrix. 

[0176] In further examples, this disclosure is directed to using a stiffness matrix to 

calculate the slot height profile based on actuator positions. 

[0177] In further examples, this disclosure is directed to using a stiffness matrix to 

calculate desired actuator positions based on a desired slot height profile. 

[0178] In further examples, this disclosure is directed to using a stiffness matrix and 

inverse stiffness matrix for translating slot height and actuator position and vice-versa as 

a preferred mode of advanced automated extrudate profile control using fluid 

[0179] In further examples, this disclosure is directed to creating a flow sensitivity 

matrix that translates slot gap profiles to cross-web coating or film thickness profiles 

and vice-versa. The flow sensitivity matrix may incorporates interactions between the 

adjustable slot gap and the rest of the die manifold flow geometry as well as flow 

interactions in the coating bead flow that the liquid experiences downstream of the die 

manifold. 

[0180] In further examples, this disclosure is directed to using the flow sensitivity 

matrix in a profile control strategy such as a Gauss-Newton strategy for controlling the 
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extrudate profile, such as a coating thickness profile, to its desired state. In some 

examples, a matrix of sensitivities of thickness to actuator movement is rectangular. 

Under the simpler AAPC method with one flow equation per band, the matrix would be 

square and be diagonal. In the more general flow sensitivity matrix case, a model would 

provide this matrix (may want to input several matrices and interpolate or be able to 

scale the matrix) 

[0181] In some examples, a digital model interface can do both matrix multiplication 

and inversion, such that the only input needed is the flow sensitivity matrix. 

[0182] In some examples, constraints can be added either to constrain actuator 

movement or to maintain constant pressure, e.g., via an augmented matrix or a penalty 

method, etc. 

[0183] In further examples, this disclosure is directed techniques for controlling 

actuators to provide an extrudate profile with a non-uniform thickness, i.e., controlled 

edge beads, stripes, etc. 

[0184] In further examples, this disclosure is directed techniques including adjusting the 

actuator datum to compensate for thermal deflection of the die. 

[0185] Various examples have been described. 
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What is claimed is: 

1. A system comprising: 

a slot die, wherein the slot die includes: 

an applicator slot extending about a width of the slot die, wherein the 

applicator slot is in fluid communication with a fluid flow path through the slot die, and 

a plurality of actuators spaced about the width of the slot die, wherein 

each actuator in the plurality of actuators is operable to adjust a cross-directional 

thickness of the fluid flow path at its respective location to provide a local adjustment of 

fluid flow through the applicator slot; and 

a controller configured to set the position of each actuator according to one of a 

plurality of discrete settings for operation of the slot die, 

wherein the controller is further configured to predict a set of discrete settings 

from the plurality of discrete settings corresponding to a preselected cross-web profile 

for an extrudate based on a known correlation between the set of discrete settings and 

the cross-web profile of the extrudate. 

2. The system of claim 1, wherein predicting the set of discrete settings from the 

plurality of discrete settings corresponding to the preselected cross-web profile for the 

extrudate comprises using fluid dynamics and the digital model of the die to predict the 

set of discrete settings from the plurality of discrete settings. 

3. The system of claim 2, wherein using fluid dynamics and the digital model of 

the die to predict the set of discrete settings from the plurality of discrete settings 

corresponding to the preselected cross-web profile for the extrudate comprises: 

separately modeling fluid flow at each actuator and determining position 

adjustments for each actuator based on the modeled fluid flow associated with that 

actuator. 

4. The system of any of claims 1— 3, wherein predicting the set of discrete settings 

from the plurality of discrete settings corresponding to the preselected cross-web profile 

for the extrudate comprises using a flow sensitivity matrix in a profile control strategy 

for controlling the coating thickness profile to its desired state. 
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5. The system of claim 4, wherein the profile control strategy includes a Gauss- 

Newton strategy. 

6. The system of any of claims 4 — 5, wherein the flow sensitivity matrix represents 

flow sensitivity across the width of the die slot versus actuator position adjustment for 

each of the plurality of actuators. 

7. The system of any of claim 1— 6, wherein the known correlation between the set 

of discrete settings and the cross-web profile of the extrudate is based on a known 

correlation between a profile of the applicator slot and the set of discrete settings and a 

known correlation between the profile of the applicator slot and the cross-web profile of 

the extrudate. 

8. The system of any of claims 1 — 7, wherein the controller is further configured to 

present the predicted set of discrete settings to a user via a user interface. 

9. The system of any of claims 1 — 8, wherein the controller is further configured to 

set each of the plurality of actuators according to the predicted set of discrete settings 

during operation of the slot die. 

10. The system of any of claims 1— 9, wherein the controller is further configured 

to: 

evaluate the cross-web profile of the extrudate after it exits the applicator slot; 

based on the evaluation of the cross-web profile, determine whether adjustments 

to the predicted set of discrete settings may provide a cross-web profile of the extrudate 

after it exits the applicator slot that more closely matches the preselected cross-web 

profile; 

after determining adjustments to the predicted set of discrete settings may 

provide a cross-web profile of the extrudate after it exits the applicator slot that more 

closely matches the preselected cross-web profile, predict an improved set of discrete 

setting from the plurality of discrete settings corresponding to the preselected cross-web 
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with the controller; and 

reposition the actuators according to the improved predicted set of discrete 

settings during the continued operation of the slot die by passing the extrudate through 

the fluid flow path and out the applicator slot. 

11. The system of any of claims 1 — 10, wherein the controller is further configured 

to retrieve the preselected cross-web profile from a non-transitory computer readable 

medium. 

12. The system of any of claims 1 — 11, wherein the controller is further configured 

to receive the the preselected cross-web profile from a user input. 

13. The system of any of claims 1 — 12, further comprising a plurality of 

measurement instruments, wherein each measurement instrument is configured to 

provide a local measurement of the slot die, the local measurement corresponding to the 

cross-directional thickness of the fluid flow path at the location of the respective 

measurement instrument, 

wherein the controller is further configured to, when positioning each of the 

actuators with the controller according to the set of discrete settings includes 

monitoring, monitor the local measurements from the measurement instruments in the 

plurality of measurement instruments and, for each of the actuators, adjust the relative 

position of the actuator until the actuator provides the absolute cross-directional 

thickness of the fluid flow path at the respective location of the actuator defined by the 

set of discrete settings. 

14. The system of claim 13, 

wherein the slot die further includes a choker bar, 

wherein the plurality of actuators are attached to the choker bar about a width of 

the choker bar, and 

wherein each of the actuators is operable to control the thickness of the fluid 

flow path at its location by providing a local adjustment of the position of the choker bar 

within the fluid flow path. 
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15. The system of claim 13, wherein each actuator in the plurality of actuators is 

operable to adjust a cross-directional thickness of the applicator slot at its respective 

location to provide the local adjustment of fluid flow through the applicator slot. 

16. The system of claim 15, 

wherein the slot die further includes a rotary rod and a die lip that opposes the 

rotary rod, 

wherein the applicator slot is between the rotary rod and the die lip, and 

wherein the plurality of actuators is operable to control the cross-directional 

thickness of the applicator slot by moving the rotary rod relative to the die lip. 

17. The system of claim 15, 

wherein the slot die further includes a flexible die lip on one side of the 

applicator slot, and 

wherein the plurality of actuators is operable to control the cross-directional 

thickness of the applicator slot by moving the flexible die lip. 

18. The system of any of claims 1 — 17, wherein the slot die is selected from a group 

consisting of: 

a film slot die; 

a multi-layer slot die; 

a hot melt extrusion coating die; 

a drop die; 

a rotary rod die; 

an adhesive slot die; 

a solvent coating slot die; 

a water-based coating die; and 

a slot fed knife die. 

19. A non-transitory computer readable medium storing executable instructions 

configured to cause a programmable controller to operate a slot die, 
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wherein the slot die includes: 

an applicator slot extending about a width of the slot die, wherein the 

applicator slot is in fluid communication with a fluid flow path through the slot die, and 

a plurality of actuators spaced about the width of the slot die, wherein 

each actuator in the plurality of actuators is operable to adjust a cross-directional 

thickness of the fluid flow path at its respective location to provide a local adjustment of 

fluid flow through the applicator slot, 

wherein the executable instructions are configured to cause the programmable 

controller to: 

predict a set of discrete settings from a plurality of discrete settings 

corresponding to a preselected cross-web profile for an extrudate based on a known 

correlation between the set of discrete settings and the cross-web profile of the 

extrudate; and 

set the position of each actuator according to the predicted set of discrete 

settings for operation of the slot die. 

20. 	A method of operating a slot die, 

wherein the slot die includes: 

an applicator slot extending about a width of the slot die, wherein the 

applicator slot is in fluid communication with a fluid flow path through the slot die, and 

a plurality of actuators spaced about the width of the slot die, wherein 

each actuator in the plurality of actuators is operable to adjust a cross-directional 

thickness of the fluid flow path at its respective location to provide a local adjustment of 

fluid flow through the applicator slot; and 

the method comprising: 

predicting, with a controller, a set of discrete settings from a plurality of 

discrete settings corresponding to a preselected cross-web profile for an extrudate based 

on a known correlation between the set of discrete settings and the cross-web profile of 

the extrudate; and 

setting the position of each actuator according to the predicted set of 

discrete settings for operation of the slot die. 
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