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Systems and approaches for controlling an injection molding
machine having a first configuration and a mold forming a
mold cavity and being controlled according to an injection
cycle include obtaining a pattern for a portion of an injection
cycle of an injection molding machine having a second
configuration and operating the injection molding machine
having the first configuration to inject a molten material into
the mold cavity. While operating the injection molding
machine having the first configuration, the obtained pattern
is used to control a portion of the injection cycle.
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SYSTEMS AND APPROACHES FOR
CONTROLLING AN INJECTION MOLDING
MACHINE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Appln. No. 62/688,491, filed on Jun. 22, 2018, and
U.S. patent application Ser. No. 16/437,164, filed on Jun. 11,
2019. The entirety of each is herein expressly incorporated
by reference.

FIELD OF THE DISCLOSURE

[0002] The present disclosure relates generally to injection
molding and, more particularly, to approaches for control-
ling injection molding machines using specific pressure
profiles.

BACKGROUND

[0003] Injection molding is a technology commonly used
for high-volume manufacturing of parts constructed of ther-
moplastic materials. During repetitive injection molding
processes, a thermoplastic resin, typically in the form of
small pellets or beads, is introduced into an injection mold-
ing machine which melts the pellets under heat and pressure.
In an injection cycle, the molten material is forcefully
injected into a mold cavity having a particular desired cavity
shape. The injected plastic is held under pressure in the mold
cavity and is subsequently cooled and removed as a solidi-
fied part having a shape closely resembling the cavity shape
of the mold. A single mold may have any number of
individual cavities which can be connected to a flow channel
by a gate that directs the flow of the molten resin into the
cavity. A typical injection molding procedure generally
includes four basic operations: (1) heating the plastic in the
injection molding machine to allow the plastic to flow under
pressure; (2) injecting the melted plastic into a mold cavity
or cavities defined between two mold halves that have been
closed; (3) allowing the plastic to cool and harden in the
cavity or cavities while under pressure; and (4) opening the
mold halves and ejecting the part from the mold.

[0004] In these systems, a control system controls the
injection molding process according to an injection cycle
that defines a series of control values for the various com-
ponents of the injection molding machine. For example, the
injection cycle can be driven by a fixed and/or a variable
melt pressure profile whereby the controller uses sensed
pressures at a nozzle as the input for determining a driving
force applied to the material. The injection cycle may also be
controlled by a fixed or variable screw velocity profile
whereby the control senses the velocity of the injection
screw as input for determining the driving speed applied to
the material.

[0005] Changes in molding conditions can significantly
affect properties of the molten plastic material. As an
example, material specification differences between resin
batches and changes in environmental conditions (such as
changes in ambient temperature or humidity) can raise or
lower the viscosity of the molten plastic material. When
viscosity of the molten plastic material changes, quality of
the molded part may be impacted. For example, if the
viscosity of the molten plastic material increases, the
molded part may be “under-packed” or less dense, due to a
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higher required pressure, after filling, to achieve optimal part
quality. Conversely, if the viscosity of the molten plastic
material decreases, the molded part may experience flashing
as the thinner molten plastic material is pressed into the
seam of the mold cavity. Furthermore, recycled plastic
material that is mixed with virgin material may impact the
melt flow index (MFI) of the combined plastic material.
Inconsistent mixing of the two materials may also create
MEFT variation between cycles.

[0006] Some conventional injection molding machines do
not adjust the molding cycle to account for changes in
viscosity, MFI, or other material properties. As a result, these
injection molding machines may produce lower quality
parts, which must be removed during quality-control inspec-
tions, thereby leading to operational inefficiencies. More-
over, as an injection molding run may include hundreds, if
not thousands, of mold cycles, the environmental conditions
of the injection molding machine are not constant across
each mold cycle of the run. Thus, even if the mold cycle is
adapted to account for the environmental factors at the onset
of the run, the changing environmental conditions may still
result in the production of lower quality parts during mold
cycles executed later in the run.

[0007] Additionally, reliance on sensed melt pressure val-
ues may result in inconsistently molded parts. For example,
in environments where the injection cycle is based on a fixed
melt pressure set point curve, the injection cycle may not be
capable of properly injecting materials having varying char-
acteristics (e.g., regrind, biodegradable, and/or renewable
materials). Additionally, while some systems may use an
adjustable melt pressure set point curve, these systems are
oftentimes incapable of maintaining material tolerances
when material specifications (e.g., viscosity and part den-
sity) do change. As a result, these systems may produce
inconsistently-dimensioned parts, thus further increasing
operational inefficiencies. These issues are further realized
in the conventional injection molding process of controlling
by screw velocity to a transfer position, moving the cycle
from injection to hold. For example, as viscosity decreases,
the material is easier to move. The injection portion will
move the material at the same velocity as the nominal
process but will control to the same hold pressure causing a
more dense part. Conversely, a higher viscosity material,
after being filled at the nominal velocity, will create a less
dense part, potentially under packing or creating a part out
of dimensional specification.

[0008] Further, during the preparation and validation
phase leading up to large-scale part production, a validation
process must occur for each different molding system. In
other words, for each stage between experimentation and
actual large scale production of a molded part, existing
systems require a lengthy validation and experimentation
phase to properly identify ideal control values. Such a
process is also required when modifying the system to
accommodate different numbers of mold cavities (e.g., when
progressing from molds having two cavities to four, eight,
16, 32, 64, 196 cavities, and so on). Each validation and
experimentation phase can take up to six months and thereby
can result in substantial downtime while increasing overall
costs and requiring extensive resources that could otherwise
be used in different systems.
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SUMMARY

[0009] Embodiments within the scope of the present
invention are directed to the control of injection molding
machines to produce repeatably consistent parts by treating
an ideal cavity pressure profile as a system input to control
operation of an injection cycle. A prototype having suitable
quality is obtained using a pilot tool, and parameters from
this injection cycle are used for all subsequent injection
cycles, thereby avoiding the need to perform time consum-
ing revalidation processes. Systems and approaches for
controlling an injection molding machine having a first
configuration and a mold forming a mold cavity and being
controlled according to an injection cycle include obtaining
a pattern for a portion of an injection cycle of an injection
molding machine having a second configuration and oper-
ating the injection molding machine having the first con-
figuration to inject a molten material into the mold cavity.
While operating the injection molding machine having the
first configuration, the obtained pattern is used to control a
portion of the injection cycle.

[0010] In these examples, obtaining a pattern includes
obtaining a cavity pressure setpoint curve for the injection
cycle of the injection molding machine having the second
configuration. The injection molding machine having the
first configuration is operated by measuring a cavity pressure
value of the mold cavity during the mold cycle. Upon
measuring a nominal cavity pressure value, a pattern rec-
ognition portion of the injection cycle that is at least partially
dependent on the obtained pattern commences. A driving
force being exerted on the molten material is adjusted such
that the measured cavity pressure matches the obtained
pattern for the injection cycle.

[0011] In some forms, the injection molding machine
having the first configuration includes a first number of mold
cavities. The injection molding machine having the second
configuration includes a second number of mold cavities that
is different than the first number of mold cavities. In some
forms, the injection molding machine having the first con-
figuration is a first injection molding machine, and the
injection molding machine having the second configuration
is a second, distinct injection molding machine. The injec-
tion molding machine having the second configuration may
be a pilot tooling.

[0012] The injection cycle may include first and second
portions. The first portion of the injection cycle may be at
least partially controlled by a melt pressure profile, and the
second portion may be at least partially controlled by the
obtained pattern. The obtained pattern may be indicative of
an optimal pressure trace for a particular mold.

[0013] Any number of drive mechanisms may be used to
apply a pressure to the molten material. For example, an
electric press, servo-hydraulic press, full hydraulic, or any
other type of press may be used. In some examples, the melt
pressure control based input may be received via a nozzle
melt pressure transducer. The cavity pressure measurements
may be obtained via a cavity pressure transducer located in
or near the cavity.

[0014] In accordance with another aspect, an injection
molding machine may include a first injection unit having a
mold forming a mold cavity, a controller adapted to control
operation of the injection molding machine according to an
injection cycle, and first and second sensors (e.g., pressure
sensors) coupled to the injection molding machine and the
controller. The first injection unit is adapted to receive and
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inject a molten plastic material into the mold cavity to form
a molded part. The injection cycle includes a first portion
and a second portion, wherein during the first portion, the
controller controls the injection unit at least partially based
on measurements obtained from the first sensor. Upon an
event occurring, the second portion of the injection cycle
commences whereby the controller further controls the
injection unit at least partially based on measurements
obtained from the second sensor. The second portion of the
injection cycle operates according to a previously obtained
pattern derived from a second injection unit.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] While the specification concludes with claims par-
ticularly pointing out and distinctly claiming the subject
matter that is regarded as the present invention, it is believed
that the invention will be more fully understood from the
following description taken in conjunction with the accom-
panying drawings. Some of the figures may have been
simplified by the omission of selected elements for the
purpose of more clearly showing other elements. Such
omissions of elements in some figures are not necessarily
indicative of the presence or absence of particular elements
in any of the exemplary embodiments, except as may be
explicitly delineated in the corresponding written descrip-
tion. None of the drawings are necessarily to scale. For
example, the dimensions and/or relative positioning of some
of'the elements in the figures may be exaggerated relative to
other elements to help to improve understanding of various
embodiments of the present invention.

[0016] FIG. 1 illustrates a schematic view of an example
first injection molding machine having a controller coupled
thereto in accordance with various embodiments of the
present disclosure;

[0017] FIG. 2 illustrates an example injection profile for
an injection molding cycle in accordance with various
embodiments of the present disclosure;

[0018] FIG. 3 illustrates a first example of a prior art
injection profile for an injection molding cycle whereby a
melt pressure setpoint is adjusted to account for changing
material characteristics

[0019] FIG. 4 illustrates a second example of a prior art
injection profile for an injection molding cycle;

[0020] FIG. 5 illustrates a first example injection profile
for an injection molding cycle utilizing pattern recognition
control in accordance with various embodiments of the
present disclosure;

[0021] FIG. 6 illustrates a second example injection pro-
file for an injection molding cycle utilizing pattern recog-
nition control in accordance with various embodiments of
the present disclosure; and

[0022] FIG. 7 illustrates a schematic view of an example
second injection molding machine having a controller
coupled thereto in accordance with various embodiments of
the present disclosure.

DETAILED DESCRIPTION

[0023] Generally speaking, aspects of the present disclo-
sure include systems and approaches for controlling an
injection molding machine where an operational pattern
(e.g., an operational curve) is obtained for a first injection
unit and/or machine and used to at least partially control
operation of any number of additional injection units and/or
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machines. In these systems and approaches, the injection
cycle of the other injection units and/or machines is at least
partially dependent on a desired operational pattern (i.e., in
a closed loop manner) that is indicative of high quality parts
that remain within desired dimensional tolerances. Accord-
ingly, the system can adjust operational parameters of the
injection process as needed in order for the output of the
system to match that of the operational pattern. As used
herein, the phrase “commencing a pattern recognition por-
tion of the injection cycle” means a controller commences
the operations that cause the injection molding machine to
operate in a manner that are dependent on the obtained
operational pattern or profile.

[0024] In some examples, the operational pattern may be
in the form of an operational curve that can be identified
during the validation or pilot phase of development where a
prototype or pilot tooling is used. One such example of a
suitable operational curve is a cavity pressure curve. As will
be discussed in further detail below, the system may adjust
operational parameters of the injection molding machine in
order for its output to match that of the previously identified
cavity pressure curve derived from the original machine
used for validation and/or prototyping purposes.

[0025] So configured, once a prototype is obtained that has
desired physical characteristics (e.g., a structurally sound
molded prototype) using the first machine, injection param-
eters derived from the validation or qualification process
may be subsequently used in injection cycles for different
machines, thereby eliminating the need to undergo revali-
dation and/or qualification. Accordingly, revalidation costs
may be substantially reduced and operational efficiencies
may be greatly increased, as these resource-intensive pro-
cesses are no longer needed. As a result, molded parts may
be brought to the market much more quickly as compared to
conventional approaches.

[0026] The described systems and approaches require a
pattern to first be obtained from an injection molding
machine that can be used to drive the injection cycles of
other injection molding machines. Accordingly, the process
for obtaining the pattern will first be described. Once this
ideal pattern is obtained, it may be replicated on any
injection machine having the same or nearly the same mold
cavity as the mold cavity of the original machine.

[0027] Turning to the drawings, an injection molding
process is herein described. The approaches described
herein may be suitable for electric presses, servo-hydraulic
presses, hydraulic presses, and other known machines. As
illustrated in FIG. 1, a first injection molding machine 100
includes an injection unit 102 and a clamping system 104.
The injection unit 102 includes a hopper 106 adapted to
accept material in the form of pellets 108 or any other
suitable form. In many of these examples, the pellets 108
may be a polymer or polymer-based material. Other
examples are possible. It will be appreciated that the second
injection molding machine 500 illustrated in FIG. 7 may
include similar features to the machine 100, and thereby
elements illustrated in FIG. 7 are designated by similar
reference numbers indicated on the embodiment illustrated
in FIG. 1, increased by 400. Accordingly, these features will
not be described in substantial detail.

[0028] The hopper 106 feeds the pellets 108 into a heated
barrel 110 of the injection unit 102. Upon being fed into the
heated barrel 110, the pellets 108 may be driven to the end
of the heated barrel 110 by a reciprocating screw 112. The
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heating of the heated barrel 110 and the compression of the
pellets 108 by the reciprocating screw 112 causes the pellets
108 to melt, thereby forming a molten plastic material 114.
The molten plastic material 114 is typically processed at a
temperature selected within a range of about 130° C. to
about 410° C.

[0029] The reciprocating screw 112 advances forward and
forces the molten plastic material 114 toward a nozzle 116
to form a shot of plastic material that will ultimately be
injected into a mold cavity 122 of a mold 118 via one or
more gates 120 which direct the flow of the molten plastic
material 114 to the mold cavity 122. In other words, the
reciprocating screw 112 is driven to exert a force on the
molten plastic material 114. In other embodiments, the
nozzle 116 may be separated from one or more gates 120 by
a feed system (not illustrated). The mold cavity 122 is
formed between the first and second mold sides 125, 127 of
the mold 118 and the first and second mold sides 125, 127
are held together under pressure via a press or clamping unit
124.

[0030] The press or clamping unit 124 applies a predeter-
mined clamping force during the molding process which is
greater than the force exerted by the injection pressure
acting to separate the two mold halves 125, 127, thereby
holding together the first and second mold sides 125, 127
while the molten plastic material 114 is injected into the
mold cavity 122. To support these clamping forces, the
clamping system 104 may include a mold frame and a mold
base, in addition to any other number of components, such
as a tie bar.

[0031] Once the shot of molten plastic material 114 is
injected into the mold cavity 122, the reciprocating screw
112 halts forward movement. The molten plastic material
114 takes the form of the mold cavity 122 and cools inside
the mold 118 until the plastic material 114 solidifies. Upon
soliditying, the press 124 releases the first and second mold
sides 115, 117, which are then separated from one another.
The finished part may then be ejected from the mold 118.
The mold 118 may include any number of mold cavities 122
to increase overall production rates. The shapes and/or
designs of the cavities may be identical, similar, and/or
different from each other. For instance, a family mold may
include cavities of related component parts intended to mate
or otherwise operate with one another.

[0032] The injection molding machine 100 also includes a
controller 140 communicatively coupled with the machine
100 via connection 145. The connection 145 may be any
type of wired and/or wireless communications protocol
adapted to transmit and/or receive electronic signals. In
these examples, the controller 140 is in signal communica-
tion with at least one sensor, such as, for example, sensor
128 located in or near the nozzle 116 and/or a sensor 129
located in or near the mold cavity 122. In some examples,
the sensor 129 is located in a manifold or a runner of the
injection machine 100. It is understood that any number of
additional sensors capable of sensing any number of char-
acteristics of the mold 118 and/or the machine 100 may be
used and placed at desired locations of the machine 100. As
a further example, any type of sensor capable of detecting
flow front progression in the mold cavity 122 may be used.
[0033] The controller 140 can be disposed in a number of
positions with respect to the injection molding machine 100.
As examples, the controller 140 can be integral with the
machine 100, contained in an enclosure that is mounted on
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the machine, contained in a separate enclosure that is
positioned adjacent or proximate to the machine, or can be
positioned remote from the machine. In some embodiments,
the controller 140 can partially or fully control functions of
the machine via wired and/or wired signal communications
as known and/or commonly used in the art.

[0034] The sensor 128 may be any type of sensor adapted
to measure (either directly or indirectly) one or more char-
acteristics of the molten plastic material 114. The sensor 128
may measure any characteristics of the molten plastic mate-
rial 114 that are known and used in the art, such as, for
example, pressure, temperature, viscosity, flow rate, hard-
ness, strain, optical characteristics such as translucency,
color, light refraction, and/or light reflection, and the like, or
any one or more of any number of additional characteristics
which are indicative of these. The sensor 128 may or may
not be in direct contact with the molten plastic material 114.
In some examples, the sensor 128 may be adapted to
measure any number of characteristics of the injection
molding machine 100 and not just those characteristics
pertaining to the molten plastic material 114. As an example,
the sensor 128 may be a pressure transducer that measures
a melt pressure of the molten plastic material 114 at the
nozzle 116.

[0035] The sensor 128 generates a signal which is trans-
mitted to an input of the controller 140. If the sensor 128 is
not located within the nozzle 116, the controller 140 can be
set, configured, and/or programmed with logic, commands,
and/or executable program instructions to provide appropri-
ate correction factors to estimate or calculate values for the
measured characteristic in the nozzle 116.

[0036] Similarly, the sensor 129 may be any type of sensor
adapted to measure (either directly or indirectly) one or
more characteristics of the molten plastic material 114 to
detect its presence and/or condition in the mold cavity 122.
In various embodiments, the sensor 129 may be located at or
near an end-of-fill position in the mold cavity 122. The
sensor 129 may measure any number of characteristics of
the molten plastic material 114 and/or the mold cavity 122
that are known in the art, such as, for example, pressure,
temperature, viscosity, flow rate, hardness, strain, optical
characteristics such as translucency, color, light refraction,
and/or light reflection, and the like, or any one or more of
any number of additional characteristics which are indica-
tive of these. The sensor 129 may or may not be in direct
contact with the molten plastic material 114. As an example,
the sensor 129 may be a pressure transducer that measures
a cavity pressure of the molten plastic material 114 within
the cavity 122. The sensor 129 generates a signal which is
transmitted to an input of the controller 140. Any number of
additional sensors may be used to sense and/or measure
operating parameters.

[0037] The controller 140 is also in signal communication
with a screw control 126. In some embodiments, the con-
troller 140 generates a signal which is transmitted from an
output of the controller 140 to the screw control 126. The
controller 140 can control any number of characteristics of
the machine, such as, for example, injection pressures (by
controlling the screw control 126 to advance the screw 112
at a rate which maintains a desired value corresponding to
the molten plastic material 114 in the nozzle 116), barrel
temperatures, clamp closing and/or opening speeds, cooling
time, inject forward time, overall cycle time, pressure set
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points, ejection time, screw recovery speed, and screw
velocity. Other examples are possible.

[0038] The signal or signals from the controller 140 may
generally be used to control operation of the molding
process such that variations in material viscosity, mold
temperatures, melt temperatures, and other variations influ-
encing filling rate are taken into account by the controller
140. Adjustments may be made by the controller 140 in real
time or in near-real time (that is, with a minimal delay
between sensors 128, 129 sensing values and changes being
made to the process), or corrections can be made in subse-
quent cycles. Furthermore, several signals derived from any
number of individual cycles may be used as a basis for
making adjustments to the molding process. The controller
140 may be connected to the sensors 128, 129, the screw
control 126, and or any other components in the machine
100 via any type of signal communication approach known
in the art.

[0039] The controller 140 includes software 141 adapted
to control its operation, any number of hardware elements
142 (such as, for example, a non-transitory memory module
and/or processors), any number of inputs 143, any number
of outputs 144, and any number of connections 145. The
software 141 may be loaded directly onto a non-transitory
memory module of the controller 140 in the form of a
non-transitory computer readable medium, or may alterna-
tively be located remotely from the controller 140 and be in
communication with the controller 140 via any number of
controlling approaches. The software 141 includes logic,
commands, and/or executable program instructions which
may contain logic and/or commands for controlling the
injection molding machine 100 according to a mold cycle.
The software 141 may or may not include an operating
system, an operating environment, an application environ-
ment, and/or a user interface.

[0040] The hardware 142 uses the inputs 143 to receive
signals, data, and information from the injection molding
machine being controlled by the controller 140. The hard-
ware 142 uses the outputs 144 to send signals, data, and/or
other information to the injection molding machine. The
connection 145 represents a pathway through which signals,
data, and information can be transmitted between the con-
troller 140 and its injection molding machine 100. In various
embodiments this pathway may be a physical connection or
a non-physical communication link that works analogous to
a physical connection, direct or indirect, configured in any
way described herein or known in the art. In various
embodiments, the controller 140 can be configured in any
additional or alternate way known in the art.

[0041] The connection 145 represents a pathway through
which signals, data, and information can be transmitted
between the controller 140 and the injection molding
machine 100. In various embodiments, these pathways may
be physical connections or non-physical communication
links that work analogously to either direct or indirect
physical connections configured in any way described herein
or known in the art. In various embodiments, the controller
140 can be configured in any additional or alternate way
known in the art.

[0042] Insome examples, the controller 140 may be in the
form of a first and a second controller, each of which has
similar features as those in the controller 140. In these
examples, the first controller may control a first portion of
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the injection cycle, and the second controller may control a
second portion of the injection cycle.

[0043] As illustrated in FIG. 2, an example injection
profile 200 of a conventional injection molding cycle
includes a number of distinct stages. While the illustrated
example depicts a substantially constant pressure profile,
other pressure profiles (e.g., a velocity controlled, high
pressure injection molding process) may be used in con-
junction with the approaches described herein. In the illus-
trated example, the sensors 128, 129 are any type of pressure
sensors (e.g., gauge pressure sensors, differential pressure
sensors, force collector type sensors such as piezo resistive
strain gauges, capacitive sensors, resonant sensors, thermal
sensors, and/or electromagnetic sensors), and are disposed at
the nozzle 116 and at a location inside, near the inside, or on
the outer wall of the mold 118. Specifically, the sensor 128
may be a nozzle transducer that senses a melt pressure of the
injection machine, and the sensor 129 may be a cavity
pressure transducer that senses a cavity pressure of the
injection machine.

[0044] In the illustrated example, an operational pattern in
the form of an ideal melt pressure profile or setpoint 210 is
identified and used as an input to control operation of the
injection molding machine 100. In other words, in this
example, the melt pressure setpoint 210 is used as the input
which determines how the machine 100 should operate,
while the sensor 128 provides feedback to the controller 140
to determine whether adjustments should be made to the
injection cycle to match the melt pressure setpoint 210. As
illustrated in FIG. 2, a melt pressure curve 212 reflects the
melt pressure measured by the sensor 128. Accordingly, the
controller 140 may adjust the pressure exerted on the screw
112 in order to maintain the melt pressure curve 212 to the
melt pressure setpoint 210. Depending on the type of
machine 100 being used, different valves and/or motors may
be used to maintain and/or adjust the pressure exerted on the
back of the screw 112. For example, a servo motor may be
used to turn the screw drive and control movement of the
screw 112, a flow control valve may be used, which controls
the quantity of hydraulic fluid being exerted on the screw
112, or a proportional valve may be used.

[0045] During a first stage 202, the molten plastic material
114 first fills the mold cavity 122. In this stage 202, the
controller 140 increases the melt pressure to a substantially
constant pressure value (e.g., approximately 10,000 psi) and
then causes the melt pressure to hold at or close to this
pressure value while the molten plastic material 114 fills the
mold cavity 122. The molten plastic material 114 then enters
a pack/hold stage 204 where the melt pressure is maintained
to ensure that all gaps in the mold cavity 122 are back filled.
In these systems, the mold cavity 122 is filled from the end
of the flow channel back towards the gate 120. As a result,
molten plastic material 114 in various stages of solidification
is packed upon itself. In these approaches, the melt pressure
is either raised or lowered based on the amount of cavity
pressure measured. The degree of change is dependent on
the amount of cavity pressure and a multiplier, as will be
discussed below, which are determined during process vali-
dation and adjusted as needed.

[0046] During this process, upon the mold cavity 122
being substantially and/or completely filled with molten
plastic material 114, the pressure, measured by the sensor
129, within the mold cavity 122 will eventually become a
non-zero value. The time it takes for the injection cycle to
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reach a non-zero cavity pressure can be defined as a “step
time”, which is equal to the time required to fill the mold
cavity 122 (e.g., a “fill time”) plus a process factor adjust-
ment (“PFA”) value. PFA is a multiplier to the amount of
cavity pressure measured in the mold. As cavity pressure is
measured, an adjustment to the Melt Pressure setpoint takes
place based on a multiplier that is determined during the
validation of the process (PFA). This multiplier can be
adjusted as necessary to make a quality part. In the illus-
trated example of FIG. 2, the overall step time corresponds
to the duration of stage 202, and therefore is intended to
remain a fixed value. However, as will be discussed, in
practice, the actual step time for each injection cycle may
vary depending on material characteristics.

[0047] Asillustrated by curve 220 in FIG. 2, which depicts
a cavity pressure sensed by sensor 129, during the injection
cycle and upon the cavity being substantially completely
filled, the cavity pressure rapidly increases to a maximum
value, and subsequently decreases until it returns to a
minimal value as the injection cycle is completed. In con-
ventional injection systems, the cavity pressure curve 220 is
merely an output of the injection system which may be used
to provide data representative of the quality of the injection
cycle. As previously noted, during a validation stage, a
number of varying injection cycles are performed until a
molded part having ideal and/or desirable characteristics is
obtained. This ideal injection cycle will produce as an output
a corresponding ideal pattern that is at least partially based
on the fill time, fill pressure, and material characteristics.
Accordingly, once it is determined that a suitable injection
cycle has been performed that produces parts having suitable
physical characteristics, the resulting cavity pressure curve,
such as illustrated cavity pressure curve 220 may be one
example of an ideal pattern obtained during the injection
cycle that is used in subsequent injection molding processes.

[0048] The example injection profile 200 illustrated in
FIG. 2 does not account for changes in material properties;
rather, the injection profile 200 is driven by controlling the
system to match the previously-identified melt pressure
control setpoint 210. Thus, when changes to the material
and/or environment invariably occur, the controller 140
continues to control the injection cycle in a manner that
adheres to the fixed melt pressure setpoint 210 (as opposed
to, for example, adhering to a specified screw velocity). In
other words, the controller 140 will continue to cause the
same pressure to be exerted on the screw 112 regardless of
whether the molten plastic material 114 is more or less
viscous and/or has other varying material characteristics.
Accordingly, the screw velocity and the step time become
outputs of the system 100. If the molten plastic material 114
has different material characteristics in these subsequent
injection cycles, the injection profile will result in a varying
step time and the mold cavity will either be over or under
filled. In other words, while the injection profile 200 intends
for the actual step time to match the previously-identified
step time, the actual step time for the particular fill portion
of the cycle may be shorter or longer than the previously
observed step time value. Either of these conditions will
negatively impact the quality of the molded part. Either of
these conditions will negatively impact the quality of the
molded part. Although the fill stage 202 may not compensate
for varying material melt characteristics, this compensation
is performed in the pack/hold 204 stage of the process, using
cavity pressure control. As seen in the pack/hold stage of the
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illustration, nozzle sensed melt pressure 212 becomes an
output of the system, while cavity sensed melt pressure 220,
is controlled to a setpoint.

[0049] To overcome the presence of varying material
and/or environmental changes in the system, injection pro-
files that adjust the injection cycle have previously been
employed, an example of which is depicted in the injection
profile 300 of FIGS. 3 and 4. In the injection profile 300, the
melt pressure setpoint 310 is adjustable as needed to cause
the overall step time to remain constant (i.e., to remain equal
to the step time obtained from the original/ideal injection
cycle). In addition to the overall step time remaining con-
stant, in these examples, the ratio between the fill time and
PFA time is also constant, thereby ensuring that in the event
the viscosity shifts, the entire mold cavity 122 will always
be filled, thereby avoiding flashing. In these examples, a
constant shear rate is maintained on the molten plastic
material 114.

[0050] As illustrated in FIGS. 3 and 4, during the injection
profile 300, the controller 140 monitors the melt pressure
312 via the sensor 128 to maintain the same step time or fill
rate. Accordingly, as the viscosity shifts, the melt pressure
control compensates and adjusts the melt pressure setpoint
310. For example, as illustrated in FIG. 3, when the viscosity
of the molten plastic material 114 increases, the melt pres-
sure profile 310 shifts to an alternate melt pressure profile
310a that operates at a higher melt pressure in order to
maintain the same amount of shear on the molten plastic
material 114. Accordingly, the sensed melt pressure depicted
by the melt pressure curve 312q is higher than the original
melt pressure curve 312. Similarly, as illustrated in FIG. 4,
when the viscosity of the molten plastic material 114
decreases, the melt pressure profile 310 shifts to an alternate
melt pressure profile 3105 that operates at a lower melt
pressure in order to maintain the same amount of shear on
the molten plastic material 114. Accordingly, the sensed melt
pressure depicted by the melt pressure curve 3125 is lower
than the original melt pressure curve 312. Additional details
of approaches for automatic viscosity adjustment are
described in U.S. Provisional Appl. No. 62/665,866, filed
May 2, 2018, and US Provisional Appl. No. 62/568,548,
filed Oct. 5, 2017, the entirety of which are hereby incor-
porated by reference.

[0051] While the injection profile 300 allows for adjust-
ments to be made to account for changes in the environment
and/or characteristics of the molten plastic material 114, the
melt pressure is still used as the determining factor to drive
the injection cycle. In this profile 300, after a cavity pressure
is measured, the melt pressure may increase or decrease
depending on PFA, but will generally level out and remain
constant. The pressure at which it levels off is determined by
the peak cavity pressure as well as the multiplier of PFA. As
illustrated in FIGS. 3 and 4, when using the alternate melt
pressure profiles 310a, 3104, the resulting pattern (i.e., the
cavity pressure curves 320a, 3205, respectively) are merely
an output of the injection profile 300. Each of the cavity
pressure curves 320a, 3205 have significant variances in
peak cavity pressure values and area under the curves 320a,
3056 from the previously determined ideal cavity pressure
curve 320. Because the shape of the cavity pressure curves
320a, 3205 is not identical as changes to the melt pressure
control are made, the resulting parts may not retain all
dimensional tolerances and thus may have undesirable struc-
tural and/or other characteristics. The slight discrepancies
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between the curves may appear to be insignificant, but the
resulting parts may be of substantially inferior quality, and
may include aesthetic and/or structural faults. Thus, while
the injection profile 300 allows for adjustments without
changing the overall process (i.e., by adjusting the melt
pressure to keep the time to a nominal, measured cavity
pressure consistent), this process typically is not used on
parts having critical dimensions.

[0052] Accordingly, and as illustrated in FIGS. 5 and 6,
systems and approaches of the present disclosure use mea-
surements from the sensor 129 as an input to the injection
profile 400. As previously noted, the sensor 129 may be a
transducer that senses changes to the cavity pressure, where-
upon it may send an electrical charge that is converted to a
calibrated voltage signal that the controller 140 interprets to
identify a cavity pressure value.

[0053] As also previously noted, during the validation
stage, an ideal pattern may be obtained upon determining an
ideal injection pattern that generates molded parts having
suitable qualities. One example of a pattern may be an ideal
cavity pressure profile or setpoint 420. In the injection
profile 400, the injection molding machine 100 is operated
as before to inject the molten plastic material 114 into the
mold cavity 122. The injection cycle continues until an
event, such as the detection of a nominal cavity pressure,
occurs. For example, during the injection phase, the cavity
pressure is continuously observed until a nominal cavity
pressure value (e.g., approximately 50 psi) is measured. This
nominal value is decided during setup of the optimal injec-
tion cycle, and is preferably a value that is substantial
enough to be an indicator of an actual increase in cavity
pressure and not a gas bubble or other discrepancy within the
part.

[0054] Upon measuring a nominal cavity pressure value,
the controller 140 commences a pattern recognition portion
of'the injection cycle (such as, for example, a cavity pressure
control portion). In this pattern recognition portion, the
driving force exerted by the screw 112 is adjusted such that
the measured cavity pressure 422 matches the previously
obtained ideal pattern (e.g., the ideal cavity pressure profile
420). In other words, the cavity pressure measured by the
sensor 129 becomes an input to the injection profile 400, and
the controller 140 adjusts the pressure exerted on the screw
112 so the measured cavity pressure 422 matches the cavity
pressure profile 420. By ensuring the measured cavity pres-
sure 422 matches the previously identified ideal cavity
pressure profile 420, the machine 100 will consistently make
the same part having identical physical and structural char-
acteristics.

[0055] In other words, as the viscosity, melt density,
and/or other characteristics of the molten plastic material
114 shift, compensation in the injection profile 400 is
required both during and after the filling stage 402 to
maintain the same molded part. In the first stage, a melt
pressure control profile or setpoint 410 is used to apply the
optimal amount of pressure on the molten plastic material
114, which is monitored and sensed via sensor 128 located
at or near the nozzle 116 and as depicted by the line 412 in
FIGS. 5 & 6. In the hold stage 404, the cavity pressure
control profile 420 is used to apply the optimal amount of
pressure on the material within the mold, which is monitored
and sensed via sensor 129 located at or near the mold cavity
122.
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[0056] As depicted in FIG. 6, as these variations to the
molten plastic material 114 occur, the controller 140 calcu-
lates adjustments in real or near-real time that are required
to maintain the melt pressure and cavity pressure profiles.
During the fill stage 402, when the controller 140 recognizes
changes to the characteristics of the molten plastic material
114, the melt pressure setpoint 410 is adjusted to adjusted
melt pressure setpoints (depicted by dotted lines 410a and
410b) as needed to ensure that the cycle will reach a nominal
cavity pressure at the same time as in the ideal injection
profile. Similarly, in the hold stage 404, a force exerted on
the screw 112 (and/or its movement) is adjusted in real or
near-real time in response to deviations in the cavity pres-
sure profile (depicted by dotted lines 420a, 4205) to ensure
the sensed pressure curve 422 matches the cavity pressure
setpoint 420.

[0057] In some examples, and as previously noted, the
controller 140 ensures the measured cavity pressure matches
the previously identified ideal cavity pressure profile 420,
however in other examples, the controller may ensure the
measured cavity pressure is within a specified range (e.g.,
one standard deviation) of the previously identified ideal
cavity pressure profile 420. In other words, the injection
profile 400 closes the loop within a certain range. For
example, the controller 140 may set an upper and/or a lower
limit on acceptable peak cavity pressure values when com-
pared to a peak cavity pressure value taken from the previ-
ously identified ideal cavity pressure profile 420. Addition-
ally or separately, the controller 140 may set an upper and/or
a lower limit on acceptable integral (i.e., the area below the
cavity pressure curve) values when compared to an integral
value derived from the previously identified ideal cavity
pressure profile 420. In one example, the upper and lower
limits of the measured values (i.e., the peak cavity pressure
and integral values) may be within approximately 5% of the
values derived from the previously identified ideal cavity
pressure profile 420. Other examples of suitable limits are
possible.

[0058] It is understood that in the injection profile 400,
before the sensor 129 measures a nominal cavity pressure
value, any type of control profile may be used. For example,
during the first stage 402 of the injection profile 400, the
controller may control the injection profile 400 in a similar
manner to: a) the first stage 202 of injection profile 200 (i.e.,
using a fixed melt pressure setpoint value); b) the first stage
302 of injection profile 300 (i.e., using a variable melt
pressure setpoint value); and/or ¢) using any other control
profile. However, in the illustrated example of FIGS. 5 and
6, a variable melt pressure control profile is used.

[0059] As previously noted, in the injection profile 400,
the controller 140 switches from a melt pressure control
profile to the cavity pressure control profile 420 automati-
cally. It is understood that this transition may occur based on
the occurrence of any number of different events such as
sudden changes or specific values in one or more of the
signals being sensed by the system. Further, in some
examples, the controller 140 may incorporate machine
learning techniques to automatically identify appropriate
conditions for switching to the cavity pressure profile 420.
[0060] In some of these examples, the controller 140 may
be in the form of two separate or distinct controllers whereby
a first controller is responsible for controlling the melt
pressure profile, and a second controller is responsible for
controlling the cavity pressure profile 420. In these
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examples, the first controller controls the melt pressure
profile by generating an output voltage received by the
screw control 126. At the same time, the second controller
may mirror the output voltage generated by the first con-
troller, but this output voltage is not sent to the screw control
126. Upon the operation of the pattern recognition portion of
the injection cycle commencing, a “switch-over” occurs
whereby the output voltage of the second controller is sent
to the screw control 126 and the cavity pressure profile 420
is used to at least partially control operation of the injection
cycle. Accordingly, the transition from the melt pressure
control to the cavity pressure control is seamless and the
screw control 126 receives an uninterrupted control signal.
[0061] With reference to FIG. 7, all or a portion of the
injection profile 400 may be replicated by the controller 540
to control operation of the second injection machine 500.
Specifically, the ideal cavity pressure profile 420 may be
implemented such that upon an event occurring (e.g., the
detection of a nominal cavity pressure value by the sensor
529), the controller may commence a pattern recognition
portion of the injection cycle (such as, for example, the
cavity pressure control portion). As previously noted, the
second injection molding machine 500 may include similar
features to the machine 100, and thereby elements illustrated
in FIG. 7 are designated by similar reference numbers
indicated on the embodiment illustrated in FIG. 1, increased
by 400. For example, the machine 500 includes an injection
unit 502, a clamping system 504, a hopper 506, pellets 508,
a heated barrel 510, a molten plastic material 514, a nozzle
516, a mold 518, one or more gates 520, a press or clamping
unit 524, a first mold side 525, a second mold side 527, a
sensor 528, software 541, hardware 542, inputs 543, outputs
544, and a connection 545. Accordingly, these features will
not be described in substantial detail.

[0062] As with the machine 100, in this pattern recogni-
tion portion, the driving force exerted by the screw 512 is
adjusted such that the measured cavity pressure (422, FIG.
5) matches the previously obtained ideal pattern (e.g., the
ideal cavity pressure profile 420 of FIG. 5). As used herein,
an “ideal pattern” means an obtainable, desirable pattern that
reliably results in a part that is reasonably free of defects. In
other words, the cavity pressure measured by the sensor 529
becomes an input to the injection profile 400, and the
controller 540 adjusts the pressure exerted on the screw 512
so the measured cavity pressure 422 matches the cavity
pressure profile 420. By ensuring the measured cavity pres-
sure 422 matches the previously identified ideal cavity
pressure profile 420 derived from the first injection molding
machine 100, the second injection molding machine 500
will consistently make the same part having identical physi-
cal and structural characteristics.

[0063] The second injection molding machine 500 may
have any number of distinct characteristics from the first
injection molding machine 100. For example, the second
injection molding machine may have more mold cavities
522 (e.g., 196 cavities in a production-ready device), and
thus can be used during commercial production of the
molded part. Other examples include, but are not limited to:
machine size/tonnage, machine control type (electric,
hydraulic, etc.), age of the machine, environmental condi-
tion of the machine’s location(s), barrel size, and/or screw
size/type.

[0064] Insome examples, the injection profile 400 may be
developed for parts having a specific resin makeup that may
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have a number of derivative makeups. For example, the
injection profile 400 may be derived for a polypropylene
(PP) material having ten different sub-classifications. The
injection profile 400 may be used for any of these sub-
classifications, thereby increasing the overall number of
available materials that can be purchased from suppliers to
improve the user’s supply purchasing power.

[0065] Insome examples, the sensor 129 may be disposed
remotely from the mold cavity 122, yet may still be in
communication therewith. For example, U.S. application
Ser. No. 15,216,762, filed Jul. 22, 2016, the entirety of which
is hereby incorporated by reference, describes the use of one
or more external sensors as a virtual cavity sensor. Such a
sensor or sensor arrangement may be used interchangeably
with the sensor 129 described herein.

[0066] The above-described approaches may be used in
conjunction with any injection process where the previ-
ously-identified pattern is used to drive at least a portion of
the injection cycle. These approaches may be used in the
formation of any number of different molded parts con-
structed from a variety of materials such as, for example
silicone and metal parts. As an example, in a conventional
(i.e., a high-pressure process) injection molding system, the
controller may be set to operate according to the ideal
pattern (e.g., the cavity pressure curve) in a similar manner.
Additionally or alternatively, in examples where a control
gate sensor is used, the ramping portion of the injection
process may also be controlled.

[0067] Those skilled in the art will recognize that a wide
variety of modifications, alterations, and combinations can
be made with respect to the above described embodiments
without departing from the scope of the invention, and that
such modifications, alterations, and combinations are to be
viewed as being within the ambit of the inventive concept.
[0068] The patent claims at the end of this patent appli-
cation are not intended to be construed under 35 U.S.C. §
112(f) unless traditional means-plus-function language is
expressly recited, such as “means for” or “step for” language
being explicitly recited in the claim(s). The systems and
methods described herein are directed to an improvement to
computer functionality, and improve the functioning of
conventional computers.

What is claimed is:

1. An injection molding machine comprising:

a first injection unit having a mold forming a mold cavity,
the first injection unit adapted to receive and inject a
molten plastic material into the mold cavity to form a
molded part;
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a controller adapted to control operation of the injection
molding machine according to an injection cycle hav-
ing a first portion and a second portion;

a first sensor coupled to the injection molding machine
and the controller;

a second sensor coupled to the injection molding machine
and the controller, the second sensor adapted to mea-
sure a different characteristic than the first sensor;

wherein in the first portion of the injection cycle, the
controller controls the injection unit at least partially
based on measurements obtained from the first sensor,
and upon an event occurring, the second portion of the
injection cycle commences whereby the controller fur-
ther controls the injection unit at least partially based
on measurements obtained from the second sensor,
wherein the second portion operates according to a
previously obtained pattern derived from a second
injection unit.

2. The injection molding machine of claim 1, wherein the
second injection unit has a different configuration than the
first injection unit.

3. The injection molding machine of claim 1, wherein the
previously obtained pattern comprises a cavity pressure
setpoint curve for an injection cycle of the second injection
unit.

4. The injection molding machine of claim 3, wherein the
second injection unit has a different number of mold cavities
than the first injection unit.

5. The injection molding machine of claim 3, wherein the
second injection unit comprises a pilot tooling.

6. The injection molding machine of claim 1, wherein the
first sensor is adapted to measure a melt pressure value of the
injection unit.

7. The injection molding machine of claim 1, wherein the
second sensor is adapted to measure a cavity pressure value
of the injection unit.

8. The injection molding machine of claim 1, wherein the
event comprises a measured nominal cavity pressure value.

9. The injection molding machine of claim 18, wherein
the nominal cavity pressure value is approximately 50 psi.

10. The injection molding machine of claim 1, wherein
the controller controls the first injection unit at least partially
based on measurements obtained from the second sensor and
a pattern captured via the second injection unit.

11. The injection molding machine of claim 10, wherein
the pattern comprises an ideal cavity pressure setpoint curve.
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