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Abstract

Purpose With the applications of more advanced manufacturing technologies being applied to the pharmaceutical industry,
continuous processes are at the forefront of innovation. One area that is highly desired to be systematically investigated is
material traceability in continuous manufacturing systems. By following federal guidelines already in place, the goal was to
address the issue of material traceability in a continuous direct compression tablet manufacturing process.

Methods The residence time distribution (RTD) method has been used for material traceability in continuous pharmaceutical
tablet manufacturing process. Utilizing the minimum and maximum residence times for the continuous line pre-production, raw
material batch changes that occur during feeder refill can be traced at the outlet of the process. MATLAB programing was used to
develop software prototype to trace material components.

Results Developed framework for implementation of material traceability into continuous manufacturing pilot-plant. To dem-
onstrate the application of this framework, a software prototype was developed, which allows the operator to input residence time
attributes for each component in the formulation. Using the minimum and maximum residence time values for that component,
the lot number is incremented when the change in material batch is predicted to be present in the tablets at the outlet. The tablet lot
number is recorded by the control system in real-time.

Conclusions Developed framework and corresponding software allows the material traceability to be fully accounted for during a
continuous drug product manufacturing process. A proof of concept was created to demonstrate feasibility of such a system,
which has a wide range of applications.

Keywords Material traceability - Pharmaceutical - Continuous manufacturing - Framework - Software

Introduction pharmaceutical product should be known and traceable so that
the products can be recalled if needed. This is straightforward
for batch pharmaceutical manufacturing since each batch of

raw materials produces a corresponding batch of final product.

Pharmaceutical manufacturing is an area with high regulation
and precise quality control of drug products. There are initia-

tives in place for advanced manufacturing technologies to be
utilized in the pharmaceutical industry [1]. This requires the
regulatory constraints to be applied in new ways to these
manufacturing practices. Primary focus is on advancement
of continuous pharmaceutical manufacturing. For patient safe-
ty and regulatory perspectives, the history of each
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However, in continuous pharmaceutical manufacturing, estab-
lishing a historical relationship between the raw materials and
finished product is a challenging task and thereby the product
recalls are currently difficult. Therefore, a systematic frame-
work including the methods and tools are needed through
which the pharmaceutical products manufactured in continu-
ous process can be traced back to the raw materials.

There have been recent developments in real-time process
analytical technology (PAT) and process modeling to monitor
and understand the continuous manufacturing process. To
overcome challenges in real-time critical quality attribute
(CQA) assurance, advanced control strategies have been im-
plemented [2]. Further understanding of particulate systems is
also being developed for applications about continuous
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powder feeding, which is required for robustness of continu-
ous manufacturing process [3]. Another challenge, which
must be addressed for continuous processes, is the traceability
of raw materials in the final products. As per regulatory guide-
lines, “the failure of a batch of any of its components to meet
any specifications shall be thoroughly investigated, whether or
not the batch has been already distributed” [4]. This requires
that each component in the formulation should have associat-
ed batch number from manufacturer. Every tablet lot and
batch should have an associated record of each component’s
specific batch information to maintain material traceability
should any component fail to meet specification and an inves-
tigation finds recall is required. If recall is required, knowing
which tablet batches and lots within the batch contain the
affected component would allow exact affected tablets to be
recalled, no more and no less.

Thus far, there has been a focus on part production and
batch production. Traceability in these processes is easier to
accomplish in comparison to continuous processes. There is a
lack of scientific literature on traceability in continuous pro-
cesses, especially in application of pharmaceutical
manufacturing. The literature present addresses challenges in
the diary, food, mining, and pulp industries. Lundqvist and
Kubulnieks focuses on traceability applied to the chemical
pulp mill operation, creating a system with operator interac-
tion and feedback and prediction of process performance to
improve operator’s modifications [5]. While this would be a
useful and applicable strategy in the pharmaceutical industry,
there is less flexibility with operator making changes to the
process. Quality is of utmost importance in pharmaceutical
manufacturing and tolerances much smaller as compared to
pulp mill operations. Therefore, operator modifications to the
process are much less frequent. In pulp processing, the resi-
dence time distribution (RTD) is on scale of days, not minutes
or seconds, therefore the accuracy and experimental consider-
ations of RTD are not addressed in this work, which would be
required for applications in the pharmaceutical industry. Moe
introduced the advantages of internal traceability within
manufacturing step in the supply chain, such as improved
process control, correlation or process data to raw materials,
and the cause and effect indications for non-conforming prod-
uct [6]. However, the details of implementing, such a strategy,
are not discussed, especially the method of RTD for internal
traceability, which is of utmost importance for applications of
traceability in continuous pharmaceutical manufacturing.
Mousavi et al. focuses on the standardization and automation
strategies essential for supply chain tracking in animal prod-
ucts [7]. This system however fails to utilize traceability with-
in manufacturing steps and the use of RTD. Jansen-Vullers
et al. describe the accurate managing of traceability informa-
tion through a systematic framework [8]. However, imple-
mentation of RTD methodology for in-process traceability of
raw materials, an essential piece for material traceability in the
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pharmaceutical industry, is not addressed. Folinas et al. de-
scribe data management framework for food supply chain
operation using conventional technologies, such as internet,
email, and cell-phones [9]. However, this framework does not
address use of RTD in traceability framework, which is nec-
essary for implementation for continuous manufacturing
traceability. Finally, Kvarnstrém and Oghazi discuss traceabil-
ity in continuous processes and the use of RTD [10]. However,
this work describes the various methods and does not present a
framework in which RTD can be used for traceability. There is
no discussion on what information is extracted from RTD or
how that information is used for material traceability.
Therefore, a systematic material traceability framework is
needed that can be efficiently applied to continuous pharma-
ceutical manufacturing process. The work presented in this
manuscript provides a solution for implementation of material
traceability in continuous manufacturing, specifically for
pharmaceuticals.

One strategy for material tracing in a process is using the
RTD, which describes how material moves through continu-
ous unit operations [10, 11]. By conducting tracer experiments
using a pulse or step change of detectable material at the inlet,
the response of the tracer at the outlet can be measured [12].
The amount of time it takes for tracer to first be detected at the
outlet, as well as the time it takes for clearance of the tracer
material provide valuable information for material traceability.
RTD is a well-established technique and extensively has been
used to characterize manufacturing processes. However, much
less attention has been paid to employing the RTD concept for
material traceability in continuous pharmaceutical
manufacturing applications.

In this work, we developed a systematic framework for
implementing material traceability in direct compression
continuous tablet manufacturing process using the princi-
ples of residence time of the entire continuous line. A
systematic framework is necessary for material traceabil-
ity to ensure that this methodology is implemented prop-
erly. Because material traceability is not able to be veri-
fied during production, there must be certainty that all
considerations and factors that influence the accuracy
and implementation are understood. In this manuscript,
the term “material traceability” is limited to the tracking
of tablet component batch numbers to final drug product,
not upstream synthesis steps nor supply chain distribution
steps. A material traceability software prototype has also
been developed. This work describes many of the consid-
erations required for implementation of such a software
tool with the continuous process monitoring and control
software, to provide specifications necessary for U.S.
Food and Drug Administration (FDA) compliance.

In the next part of the manuscript, the continuous
manufacturing process referred to is described. Next, the
batch and lot definition are defined and discussed. Then,
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the systematic material traceability framework is de-
scribed. After, the considerations required for software
development are detailed. Next, the material traceability
software prototype has been developed and presented.
The application of the framework has been demonstrated
in a case study. Finally, a comprehensive discussion has
been provided and the conclusions presented.

Continuous Manufacturing Process
Description

The process considered for design of the material trace-
ability implementation framework is a continuous direct
compaction tablet manufacturing pilot plant situated at
C-SOPS, Rutgers University, NJ, USA. Specifics of the
plant have been previously described [13]. Extensive ex-
perimentation has been performed on the performance of
this continuous line [14—-16]. To add, recent advances in
flowsheet modeling for process analysis and optimization
have added valuable insight to the operation of this line
[17, 18].

Figure 1 illustrates the flowsheet for the continuous direct
compaction tablet manufacturing process. Three gravimetric
feeders provide the necessary active pharmaceutical ingredi-
ent (API), excipient (EX), and lubricant to the system. The
feeders manufactured by K-Tron contain a hopper that holds
a specific amount of material and rotating screws below the
hopper to feed the powder out of the barrel at specific rates.
These feeds flow into a continuous blender manufactured by
Glatt to create a more homogenous mixture of raw materials.
The blended powder flows into the tablet press (Fette).
Powder enters the feed frame within the tablet press and is
finally compacted into tablets.

Batch and Lot Definition

The following definitions are defined according to the Code of
Federal Regulations Title 21 [4].

» Batch: “specific quantity of drug or other material that is
intended to have uniform character and quality, within
specified limits, and is produced according to a single
manufacturing order during the same cycle of
manufacture.”

* Lot: “batch, or a specific identified portion of a batch, hav-
ing uniform character and quality within specified limits; or,
in the case of a drug product produced by continuous pro-
cess, it is a specific identified amount produced in a unit of
time or quantity in a manner that assures its having uniform
character and quality within specified limits.”

Mill

Blender

Tablet Press

Fig. 1 Configuration of unit operations used for demonstration of
continuous direct compression tablet manufacturing process

* Lot number: “means any distinctive combination of let-
ters, numbers, or symbols, or any combination of them,
from which the complete history of the manufacture, pro-
cessing, packing, holding, and distribution of a batch or lot
of drug product or other material can be determined.”

In order to comply with the guidelines, set by the FDA with
regard to defining “batch” and “lot” there is a specific way
continuous manufacturing pharmaceutical drug product
batches and lots can be defined. For commercial applications,
where regulatory guidelines are mandatory, it is required to
follow a manufacturing protocol [4]. This protocol defines
validated operating conditions for the unit operations involved
in manufacturing. This holds true for continuous manufactur-
ing as well as the traditional batch processes. Each unit oper-
ation in the line would have a set of parameter ranges, which
the parameter must operate within and usually there is a set
point for each parameter to follow during production. If a
production order follows this group of set points, as well as
stays within the parameter ranges, then the product should
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have “uniform character and quality, within specified limits”
due to reproducibility of the process at the same conditions. In
continuous manufacturing, this can also be the case. If no
change is made to operating conditions and the process is
not interrupted, then the length of time which this is true
would follow the definition of a “batch.”

In the case that one component of the formulation changes
batch number, theoretically, the tablet quality should not
change given that the process conditions are unchanged.
However, for material traceability purposes, the tablets con-
taining raw material from one batch and another need to be
distinguished. This raw material batch change occurs during a
single manufacturing order and with no changes to the process
conditions, therefore is still the same batch. However, we can
assign these tablets containing new raw material batch to a
separate “lot,” within the current tablet batch. This would be
a “specific identified portion of a batch” in which the tablets
contain material from a raw material batch different from the
previous lot. The idea is that, when tablets are released, with a
specific batch number and lot number, it exactly traces to what
raw material batches may be present in the tablet. By changing
the lot based on raw material batch composition in the tablets,
it can be certain, if recall was required for specific raw material
batch, which lot of tablets must be recalled as well, without
recalling the entire batch, many of which tablets contain none
of the recalled raw material batch.

As illustrated in Fig. 2, if there was a change in raw mate-
rial batch, the tablet lot number would increment once that
new batch is predicted to reach the tablet. Tablets would be
collected, knowing that raw material from both the old and
new batch can be present in the tablet. Once it is predicted that
all the old material has cleared from the line and none will be
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present in the tablets, a new lot number would be assigned to
the tablets and collected separately from the other lots. That
way, lots of tablets containing different raw material batch
compositions will be known and their raw material make up
will be logged.

As shown in Fig. 2, at =0, the new batch of one compo-
nent (e.g., excipient) is added to the feeder. According to res-
idence time experiments, we can predict that at = T1, the new
batch will begin to be present in the tablets. That defines the
start of a new tablet lot, lot number 2, where both previous and
new batches of excipient are present in the tablets. Then at ¢ =
T2, the previous batch of excipient has been entirely cleared
from line and no longer present in tablets. Therefore, tablet lot
is defined as lot number 3. The same concept will apply for the
other components of formulation. The correlation between
tablet lot number and batch number is given in Table 1.

This strategy can be also applied to systems where multiple
components are transitioning from previous batches to new
batches as illustrated in Fig. 3. As shown in the figure, the
excipient (e.g., lactose) refill occurs at =0 s. Then at 7=
120 s, the API (e.g., acetaminophen) component refill occurs.
Att=TI, the new batch of excipient is predicted to be present
in the tablets, as well as the previous batch. At #=T2, the new
batch of API is predicted to be present in the tablets, as well as
the previous batch. At = T3, the excipient previous batch is
cleared from the continuous line, leaving tablets to contain
only new batch. And at #=T4, the API previous batch is
cleared from the continuous line, leavings tablets to contain
only the new batch. Based on the time at which these events
occur dictates when new tablet lots should be defined. The
tablet lot definitions and compositions are described in
Table 2. Similarly, the concept can be applied for multi-
component formulations. The complexities in material trace-
ability will increase as the number of components will in-
crease. The change in batches can occurs in any order depend-
ing on formulation composition and feeder capacity.
Therefore, a systematic software tool is needed to manage
the complexities.

If there was a change in process set points outside of the
range defined in the validated protocol, if a new manufactur-
ing protocol was to begin to be followed, or if the production
line stopped for any reason, that would signify a different
batch of tablets. When raw material batches change, the lot
would increment within the new batch of tablets. For the

Table 1  Correlation between tablet lot number and batch number as
illustrated in Fig. 2
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Fig. 2 Demonstration of concentration of new component (e.g.,

excipient) batch changes at the outlet of the system. At =0, the new

batch of excipient is added to the feeder. 1, 2, 3: tablets lots. T1, T2:

time to initiate new lots
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Time Tablet lot number Component batch
0 1 Excipient_Batch 1
T1 2 Excipient_Batch 1 & Batch 2
T2 3 Excipient_Batch 2
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Fig. 3 Tablet lot assignment based on concentration of new component
batch. Excipient is transitioning from Excipient Batch 1 to Excipient
Batch 2 and API is transitioning from API Batch 1 to API Batch 2.
Excipient batch change initiated at 7=0. API batch change initiated at
=120

records, this naming system would allow batch records to still
contain all process condition set points and ranges for that
batch, and actual process variables can be compared to the
protocol to ensure no deviation outside of the ranges.

Systematic Framework for Material
Traceability

Many specific steps must be taken to integrate material trace-
ability, as outlined in Fig. 4. There are three initial steps which
must be completed in parallel. The first requirement is plant
automation and communication between control hardware
and software. This allows for process data storage, as well as
communication between control software and material trace-
ability tool. Another step is the creation of the feeder refill
protocol to be followed during continuous operation of the
feeders. This must be determined early in the framework since
both RTD experiment and the process operation require repro-
ducible refill results. Final step is finalization of formulation

Table 2 Correlation between tablet lot number and lactose and
acetaminophen batch numbers as illustrated in Fig. 3

Time Tablet lot number Excipient batch API batch

0 1 Excipient Batch 1 API Batch 1

T1 2 Excipient Batch 1 & 2 API Batch 1

T2 3 Excipient Batch 1 &2 API Batch 1 & 2
T3 4 Excipient_Batch 2 API _Batch 1 & 2
T4 5 Excipient_Batch 2 API_Batch 2

specifics, which includes what materials are used, the grade,
and type of each component, as changes in this could affect
RTD and material traceability.

The next step is to configure the continuous manufacturing
line by determining each unit operation, specify the tooling to
be in each piece of equipment and assemble the continuous
line. This is critical because changes in any of these specifi-
cations will change the RTD for the process, leading to inac-
curate traceability. Then, experiments are conducted to deter-
mine RTD of each component from moment of refill to outlet
of process. The information extracted from the RTD is stored
in a model library. Now, all the information and process deci-
sions have been made to implement the material traceability
methodology. And in executing this methodology, a log file is
created defining the raw material batch numbers for each tab-
let lot.

In order to implement this framework for material trace-
ability, there are a few conditions which must be met prior to
operation during production. The first condition is that a pro-
tocol must be written detailing the feeder refill procedures.
The accuracy and repeatability of this procedure are essential
for creating consistent RTD models, as well as increasing
accuracy of the RTD models’ parameters to the continuous
production campaign where the models’ parameters will be
implemented. The refill procedure must specify the size of
feeder hopper on each feeder, as well as the point in which
refill occurs. This information must be defined and standard-
ized, so that RTD models accurately replicate conditions dur-
ing continuous manufacturing process. In order to define the
specific process attributes we are looking to get out of the
model, the minimum residence time and maximum residence
time, the RTD models must also be developed in a specific
and consistent manner.

The goal of these RTD tracer experiments is to determine
from the moment that a new batch is used to refill each feeder,
how long it takes for that new material batch to make it into
the tablet, as well as how long it takes for the old material
batch to be cleared from the process. RTD models can be built
by doing tracer experiments with a pulse of near-infrared
(NIR) detectable material which has similar flow properties.
Since the model will be applied to a “step” change of new
batch of material, rather than a pulse, we propose that the RTD
tracer experiments be performed with a step change. This will
provide cumulative change data, rather than a RTD, but will
better simulate the raw material batch change experienced
during production. Using the empirical data for the tracer con-
centration over time, we will be able to determine the duration
of time after refill occurs that the tracer is detected (minimum
residence time), in addition to the time duration after which
only tracer is present and all initial material has cleared (max-
imum residence time).

To conduct these RTD tracer experiments most effectively,
there are a few specific details that must be understood and
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Fig. 4 Overview of proposed
systematic framework for
material traceability
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applied. First point to note is that each component in the for-
mulation will have different residence time in the continuous
line. Because different components having different flow
properties, their hold up in their respective feeder will be dif-
ferent. In addition, some materials will be added to the process
further downstream, therefore decreasing their residence time
in the system. For example, lubricant is normally added after
milling operation. Therefore, a tracer experiment must be per-
formed for each component independently. Second point to
note is that these RTD tracer experiments are formulation
specific and depend on composition of the blend as it moves
down the line. This means that each tracer experiment must be
performed with the intended powder formulation used in pro-
duction, powder substitutes should not be used for the other
raw materials when RTD is being determined for one specific
component. Third point to note is that these RTD experiments
determine residence time attributes of the entire line. To vali-
date the results from convolution of individual RTDs, an en-
tire line experimental RTD must be conducted to prove that
the models accurately predict behavior of the entire process.
However, for the applications in material traceability, the min-
imum and maximum residence time values are the primary
information extracted from RTD experiments. Such values
can be gathered directly from an RTD experiment of the entire
line and RTD models of the individual unit operations are not
required. It also decreases the number of tracer experiments
that need to be performed for each formulation. For example,
with a continuous direct compression manufacturing line, as
seen in Fig. 1, that has six unit operations—three feeders (one
for each raw material), one co-mill, one continuous blender,
and one tablet press—the number of experiments is greatly
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reduced from 11 individual unit operation tracer experiments
down to three entire line tracer experiments. RTD for each unit
operation and every component within each operation requires
one RTD experiment per feeder, two experiments for the mill,
three experiments for the blender, and tablet press, resulting in
11 RTD experiments to describe three components in this line.
RTD of the entire line requires just three experiments, one per
component. This methodology stores the tablet lot number in
the control platform. Therefore, prior to running the produc-
tion batch, the lot number signal must be configured to com-
municate between the material traceability tool and the control
platform. This configuration can be done in a number of ways.
One common communication protocol to send information
between different pieces of software is through OLE process
control (OPC) servers. The OPC server management software
must be configured to pass the desired information through
the network to the desired location.

Once these processes are completed offline prior to the
production run, a material traceability tool can be utilized to
trace composition of each tablet lot created during a produc-
tion batch. This tool must be capable of logging the raw ma-
terial batches for each tablet lot, as well as send the lot number
via OPC to the control system at the correct time based on the
residence time attributes. To accomplish these tasks, the pro-
gram must allow the user to specify the residence time attri-
butes for each component, as well as the number of raw ma-
terial this specific formulation contains. It must also allow user
to specify the batch number of the initial raw material drums.
Then, it must allow for seamless changes of batches, creating
new tablet lot and logging what material is present in each of
the lots and send that information in real-time through OPC to
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the control system for data logging. The program for sending
lot changes to the control system must be able to handle mul-
tiple changes in rapid succession, where multiple raw material
components are “transitioning” between batches. And finally,
it must provide the log to the user in an easy-to-read manner so
that the material lot information can be included in the master
batch record for that batch of tablets.

Residence Time Distribution Model Library

For the RTD models to accurately predict the appearance of
the new raw material batch in the tablet, as well as the time
delay for clearance of the previous raw material batch, models
must be built for each formulation, and component within that
formulation. Depending on the current design of the continu-
ous tablet manufacturing line and the specific unit operations,
the time delay values must be determined. When determining
RTD models, the tooling of each unit operation should be
exactly the same as to be used in production. Any change that
could affect the flow properties of the powder blend will im-
pact the RTD model. If there is a change in tooling of a con-
tinuous blender for example, or if a different type of blender is
added, RTD determinations must be re-tested to determine the
time delays of the entire line associated with the new equip-
ment or tooling of existing equipment. Also, if there is a for-
mulation with same components but different strength, new
RTD models must be determined due to changes in feeding
ratios. This could affect the RTD of each component; there-
fore, a new set of model parameters would be used and stored
in the model library. Also, if the formulation is the same, but
there is a change in tablet production rate, it would also affect
the RTD parameters. So, for each combination of formulation
and production rate present, specific RTD parameters must be
determined.

There are many methods for determining the minimum and
maximum residence time experimentally. One possible meth-
od would be to monitor tracer composition in tablet using PAT.
Spectroscopy calibration model development for this formu-
lation would be required to allow for real-time detection of
tracer in tablets. This PAT instrument could be NIR, Raman, or
microNIR, depending on the formulation and tracer. The lim-
itation of this strategy is the limit of detection for low concen-
trations of tracer in the tablet. To avoid this limitation, it is also
possible to analytically determine tracer concentration in tab-
lets. A high-performance liquid chromatography (HPLC)
method could be developed to detect much lower concentra-
tions of tracer, increasing accuracy of minimum and maxi-
mum residence time attributes.

The steps involved in applying the RTD model for material
traceability are systematically shown in Fig. 5. First, the refill
protocol must be developed and followed for the experiments.
Then, according to the manufacturing order, the production
rate and formulation specifics must be applied. This means

57
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Fig. 5 Application of RTD model for material traceability

that each feeder must run at the correct production rate, and
the specific components must all be used. The tracer is needed
to perform an RTD experiment. Since each component has
different properties, a tracer must be selected to match those
properties and demonstrate the same flow behavior of each
component. The continuous process is started, and then the
tracer is added to the feeder according to the refill protocol as a
step change. The minimum and maximum residence times for
that component are then determined by detection of outlet
tracer concentration. Then the line is reset and the process is
repeated until residence time attributes for every component
have been determined. These values are then added to the
model library, which will be used by the material traceability
tool.

Supporting Software Tools
In order to implement real-time material traceability into con-

tinuous pharmaceutical tablet manufacturing, a suite of differ-
ent software tools is required as shown in Fig. 6. The first is

@ Springer



58

J Pharm Innov (2020) 15:51-65

Fig. 6 Hardware and software
integration for material
traceability

[ Material Traceability Program J

[ PAT Instrument Software ]

!

Plant Unit Operations OPC Management Software Real-time PAT Management
Software

the utilization of a traditional programming language to inter-
face with the user. This will allow user to enter the tablet
batch name, select RTD model parameters, and make raw
material batch changes during run-time. This could be
MATLAB, python, Java, or any other language to design
the user interface.

What is also needed is a plant automation system and con-
trol software. To track the tablet lot number, this value could
be sent to the control software and stored like other plant
process variables. That way, comparisons and trends could
be observed in real-time as the tablet lots change based on
the raw material batches they contain. This could be very
useful if certain CQAs change in connection with a raw ma-
terial batch change. For example, if fill depth in the tablet press
is actuating more dramatically to control main compression
force after a lot change, then we may be able to understand
how that new raw material batch impacts the tablets when
compared to the previous raw material batch.

Also required is OPC server management software. This
allows signals to be communicated from one OPC server to
another, namely the machine that is running the material trace-
ability program and the server in the control system. This is
extremely useful when communicating signals over a network
between different devices. A client computer near the feeders
could be running the material traceability program and initiat-
ing raw material batch changes. Then, the lot number signal
can be sent via OPC to the computer that contains the controls
software. This OPC server management software allows user
to customize the OPC tags and addresses to allow this seam-
less communication to occur in real-time, accurately
incrementing lot number changes as they are predicted to
occur.

Systematic Algorithm for Material Traceability

A systematic algorithm for material traceability is shown in
Fig. 7. As shown in the figure, the first step is to scan initial
drums and select model from RTD model library. Then oper-
ation of the continuous line begins start-up phase, where all
unit operations reach desired operating conditions. Then the
start-up phase is completed and tablets are to be collected. The
material traceability software tool is then started, and tablet lot
number is initialized. When refill of one of component feeders
occurs using a new batch, lot number is incremented
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[ Control System ]

according to residence time values for that feeder. This is
continued until batch is complete, successfully tracing mate-
rial batch number for each tablet lot.

Expandable Features/Future Add-Ons
Formulation Library

In a commercial setting, where many continuous batches of
the same formulation are being run, it could be possible to
create a formulation library, containing the material names
and residence time minimum and maximum for each compo-
nent at a certain production rate. That would ensure that ma-
terial component names are correct and there is no operator
error when entering residence time values. Once residence
time maximum and minimum are validated for a certain plant
for a certain formulation, the values could be added to the
library.

Scanning of Raw Materials and Final Tablet Drums

To improve upon the efficiency of the system and limit the
need for manual entry of new batch numbers into the program,

( 1. Scan initial raw material drums and select model from RTD )
model library

s N

2. Begin start-up phase of continuous line

\ J
T

v
(3. Complete start-up and initialize tablet batch in material
traceability tool

v
(" 4. Define new tablet lot number and collect tablets in new
container

Conclude Yes
batch

5. Apply residence time minimum and maximum only when
new raw material batch is used for refill

Batch
complete?

No
v

Fig. 7 Systematic algorithm for material traceability
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raw material drums could contain radio frequency identifica-
tion sensors (RFID) to transmit information to a materials
database [19]. By scanning the passive tag with an RFID
reader, batch information could be sent to the material batch
queue. This would allow much more information about each
raw material batch to be passed into the program, such as
manufacturer name, location of manufacture, as well as
flowability properties, like particle size, moisture content,
and density measurements. And when it is time for the com-
ponent’s new batch, operator could select from a list of
scanned drums already put into the queue.

Once drums begin to be filled with tablets, the RFID tag on
each drum could contain batch and lot information. The RFID
reader is capable of writing information to the RFID tag,
which would allow the tablet lot number and batch number
written to a tag on a drum. As the RFID technology continues
to improve, more information can be stored in the tag, besides
just identification numbers [19].

Automation of Batch Refill

Another way to automate raw material tracing would be to
initiate batch change when refill is detected. Because the con-
trol software is connected to the feeder in real-time, the soft-
ware can read the signal of the net weight of the feeder. Prior
to detection of a positive change in net weight, the operator
would only need to specify which drum in the queue is soon to
be refilled, and incrementation of the lot can initiate
automatically.

Automation of Tablet Lot Collection

In the tablet press, the outlet chute can actuate a flap and
change where the tablets are collected. This feature is often
used for acceptance and rejection of tablets based on real-time
measured critical process parameters (CPPs) and CQAs. This
technology could also be utilized when a new tablet lot is
defined, as predicted by the material traceability tool. The
control software could simply detect a change in tablet lot
number and actuate the chute to put tablets into the next con-
tainer designated for the next lot. The design for this could
manifest itself by using two flaps in series. Traditional tablet
rejection and acceptance criteria control the first flap. Then the
path for accepted tablets will have a second flap to direct
tablets to appropriate lot container. The proposed system
would have three tablet collection locations, one for rejec-
tions, one for current lot, and one for handling the previous
lot and preparing for the next one. This would remove opera-
tor’s responsibility of switching the tablet container exactly
when the new lot is defined, which would introduce a source
of human error. This would greatly improve the operation of
the line, especially with formulations with many different

components refilling at different intervals over a longer pro-
duction time.

Taking this concept further for automation of tablet collec-
tion, the drums could be arranged on a system of conveyor
belts, moving the drums into position when appropriate and
removing drums when they either are full or lot number has
incremented. This would be most useful for production orders
with many components and a high production rate.

Further Examination of Residence Time

The current method of determining residence time is depen-
dent on the formulation and specific production rate. If there is
a component change or change in production rate, the resi-
dence time experiments will need to be revalidated.
Experimentation to better understanding of how production
rate and component flowability properties affect the residence
time values would decrease the amount of experimentation
required for changes in formulation or production rate. If de-
mand for product was increased, a prediction of the new res-
idence time values would allow for increase in production rate
to meet such a demand, without the need to experimentally
determine residence time minimum and maximum values.

Software Development

The primary responsibility of the software is to handle infor-
mation required for material traceability. The functionality of
the software can be sorted into two areas: the initial configu-
ration prior to production and run-time operation of the pro-
gram. For initial configuration, each feeder must be assigned
to a specific material. The residence time attributes associated
with each feeder must be stored. The raw material batch num-
ber for each feeder must initially be stored. During run-time,
the program must send lot number to the control system. The
program must also increment lot number based on residence
time attributes for the correct feeder. Also, it is responsible for
maintaining the tablet lot log in real-time. These responsibili-
ties of the material traceability program are illustrated in Fig. 8.

Residence Time Attributes

As described in “Residence Time Distribution Model
Library,” each feeder has its own specific minimum and max-
imum residence time values due to varying powder properties
and flow rates. The minimum and maximum times are retriev-
able based on the name feeder which is going through the
batch change. The residence time values contained in this data
structure represent the duration of time the impact of that refill
is predicted to reach the outlet of the process.
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Fig. 8 Dataflow for material [ Dram Scamner ] [ Continuous Plant ] -
traceability program
Measured
New Batch Number Process Parameter
Variables Set Point
Tablet Lot Number v Values

[ Tablet Lot Component Log ]1 -[

Material Ti bility Tool
aterial Traceability Tool ] Control System

developed in MATLAB
A

Formulation Component Properties
Minimum and Maximum Residence Times

RTD Model Library ]

Batch Number Organization

Each feeder is designated to a specific raw material during a
production order. Initially, each feeder hopper is filled prior to
the start of the continuous production. Therefore, each feeder
contains material with its unique batch number. The batch
number for raw material within each feeder is stored with that
feeder. Tablets created during this time contain material from
the specified batches. Upon refill of a hopper in which a new
batch number is present, the feeder and new batch number
must be specified. There will be a period of time, specified
by the residence time values, in which tablets will contain
material from both batch numbers.

Tablet Lot Log

This is the data structure of tablet lot numbers and the corre-
sponding batch numbers for each component in the tablet lot.
After refill of material with a new batch number, transitional
lot will be designated in which the component in transition
will have both batch numbers recorded, to indicate the possi-
ble composition of tablets. Every time refill occurs with new
batch of material, tablet lots will increment, specifying com-
position of each tablet lot as the batch numbers of the compo-
nents comprising the tablets within that lot. This data structure
must be accessible by the main program to append new lots to
the table.

Refill Instances

In preparation for a refill, the feeder must be specified and the
batch number for new material must be stored. Once refill of a

feeder is initiated, the minimum and maximum residence
times are used to delay the simultaneous incrementation of
lot number and update of tablet lot log to reflect outlet com-
position of tablets within the new lot. It is possible for refills of
different feeders to occur in rapid succession, therefore multi-
ple components in tablet to be undergoing transitions. The
tablet lot log must be appended upon reaching the respective
minimum and maximum residence times for each feeder’s
component, such as described in Fig. 3.

Software Prototype

The developed software prototype has two primary windows:
the configuration window and the runtime window.

Initialization and Configuration Window

This window allows the user to input the values required for
material traceability. Specifically, the component names, min-
imum and maximum residence time values for each compo-
nent, and the initial batch number for each component. This
information will be used for creation of a material traceability
log, which contains the tablet lot number, and the batch num-
bers for each component present in that lot. Before the pro-
duction run begins, the log is initialized with lot number 1, and
the batch number for each component is the initial batch
numbers.

In this window, we are also able to select whether or not we
want to run in “TEST” mode or “RUN” mode. By selecting

Table 4 Hypothetical minimum and maximum residence time of
components based on formulation ratios and feeder positions

Table 3 Feed rate for Material Minimum residence Maximum residence
tablet components Material Feed rate (kg/h) time (s) time ()

Excipient (lactose) 15.392 Excipient (lactose) 280 500

API (APAP) 5.200 API (APAP) 300 600

Lubricant (MgSt) 0.208 Lubricant (MgSt) 270 700
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Fig. 9 Graphical illustration of the minimum and maximum residence
times of each component and how they could differ based on feeder
location and formulation ratios

these, we specify if an OPC connection should be established
between program and server for control system. Once all in-
formation is supplied, a button is pressed which initializes the
material traceability system and the runtime window appears.

Runtime Window

The runtime window appears when tablet batch is running and
provides user with operations that are useful during runtime.
One side provides a material traceability log updated in real-
time. The other side is the refill queue. This queue allows users
to input future refill information. This allows easier operation
when it is time to refill a component feeder with a new raw
material batch. The component names provided in the config-
uration window appear in a drop-down menu, where the user
selects the appropriate name and inputs the new batch number.
That information is then added to the queue, which is visible
to the user.

Entries in the queue can be selected to either be removed
from queue or used in refill. When a queue item is selected for

Fig. 10 Initial window where
material name, initial batch
number of each component, and
the minimum and maximum
residence times of each
component are input by user

Material Traceability Tool

Tablet Batch Number:

refill, the residence time attributes associated with that com-
ponent are applied to timers. The timers delay the
incrementation of lot and the update of the material traceabil-
ity log. When refill is performed, two timers begin: one
delaying a function callback to define component batch num-
ber as both old batch number and new batch number and one
for defining component batch number as solely the new batch
number. This timer will delay the callback function until the
elapsed time has passed as specified by the timer. So, whatever
the status of the log is when the timer ends, the log and lot
number will be updated accordingly. This allows multiple
components to change at varying intervals. A change for one
component does not affect a change in different component.
So, when one component is transitioning between old and new
batches, a different component can also be transitioning with-
out interruption.

Depending on whether the status of the program is in
“TEST” or “RUN” mode will determine whether it sends
the lot number value to the OPC server on the PC running
the control system. The callback function at timer completion
looks for the “run mode” to determine whether or not to run
the function to send lot number value through OPC.

Completion of Batch

When production has ended, a file is created to store the res-
idence time values used during the program’s operation, as
well as the material traceability tablet lot log. This allows for
accountability and recordability when analyzing the batch
post-production.

Case Study
Process Description and Setups

To demonstrate the application of the developed framework
and corresponding software prototype in a continuous direct

— X

Load initial batch numbers and RTD time attributes...

[ Material Name
\ 1 |Acetaminophen
2 |Lactose
‘ 3 |Magnesium Stearate
| 4

Mode Selection
OTEST
(®RUN

10010
20020
30030

Apap12345
Initial Batch Number Minimum Residence Time (s) Maximum Residence Time (s)
300 600
280 500
270 700

Begin Production Run
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Fig. 11 Run-time screen where Material Traceability Tool
the tablet lot number is sent to
control system and batch numbers

for the components can be added Raw Material Batch Change Queue

= X

Batch Apap12345 is currently running...

Tablet Lot Composition Log

to the queue Material New Batch Number Action

Tablet Lot Acetaminophen Lactose Magnesium Stearate
il1 10010 20020 30030

Remove

Refill

Acetaminophen v

compaction tablet manufacturing pilot-plant, we defined a few
process conditions to meet. First, the sample formulation used
in this case study is 25% acetaminophen (API), 74% lactose
(excipient), and 1% magnesium stearate (lubricant). To create
these tablets, our plant must be arranged such that the top level
of'the plant has the API and excipient feeders, feeding into the
co-mill. Then on the middle level, the lubricant feeder adds to
the powder stream and it enters the continuous blender. From
there, the powder blend enters tablet press on the lower level.
This can be seen in Fig. 1. To create tablets with 325 mg active
ingredient, this defines that total tablet weight is 1.3 g. If we
define the production rate of our process to be 16,000 tablets
per hour, that means we will be feeding 20.8 kg per hour of
powder formulation blend into the tablet press. And given our
formulation, the feed rates defined in Table 3 are required for
each component in the line.

In this manuscript, assumed values for the minimum
and maximum residence times are used for demonstration
of the application of the framework. To demonstrate the
concept and implement the framework, these values can
be approximated based on process understanding. For ex-
ample, because the composition of lactose is almost triple
that of acetaminophen in this formulation, we can con-
clude that the minimum and maximum residence time

Fig. 12 Addition of new batches
to the batch change queue

Material Traceability Tool

Batch Apap12345 is currently running...

Raw Material Batch Change Queue

Enter New Batch Number:

Add To Queue Complete Batch

for lactose will be shorter. And since magnesium stearate
has a very low feed rate relative to acetaminophen, we
would expect it to have the highest maximum residence
time. The values given in the Table 4 may be hypotheti-
cal, but successfully illustrate the point that each compo-
nent will have specific residence time values and could be
determined experimentally to accurately predict minimum
and maximum residence times of an actual system. This is
also visualized in Fig. 9.

Demonstration of the Application of Developed
Framework and Software Prototype

To implement the framework in our continuous pilot plant, we
must perform or simulate the off-line determinations. Above,
we have determined the hypothetical formulation we want to
manufacture, as well as the minimum and maximum residence
time attributes for the system running at 16,000 tablets per
hour.

The next step was to build a user interface to input batch
information for material traceability. This program was built
using MATLAB and contains features relevant to the imple-
mentation of material traceability in our bespoke plant. This
first screen (see Fig. 10) allows the user to input the material

Tablet Lot Composition Log

Material

1 |Lactose 20030
2 |Lactose 20040
3 |Lactose 20050

4 Acetaminophen 10020

Lactose N

New Batch Number Action

OO0

Tablet Lot Acetaminophen| Lactose Magnesium Stearate
1 ‘1 10010 20020 30030

Remove

Refill

Add To Queue Complete Batch
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Fig. 13 Tablet lot composition
log with raw material batch
changes have occurred

Material Traceability Tool

Raw Material Batch Change Queue

Batch Apap12345 is currently running...

Material New Batch Number| Action

Acetaminophen v 10020

Tablet Lot Composition Log

Tablet Lot Acetaminop... lactose | Magnesium Stea...
101 10010 20020 30030
T\Z 10010 20020-20030 30030
?3 10010 20030 30030
Remove | 74"y 10010 20030-20040 30030
?5 10010 20040 30030
Refill T‘S 10010 20040-20050 30030
7}7 10010-10020  20040-20050 30030
7‘8 10010-10020 20050 30030
Eg 10020 20050 30030

Add To Queue Complete Batch

information, initial raw material batch number, and minimum
and maximum residence times for that component. It also
allows user to operate in either demonstration mode, which
does not connect through OPC servers to the control software,
or in OPC connection mode, which does send lot number
signal in real-time to the control software.

After configuration, the production run is initiated and
the runtime screen is displayed as shown in Fig. 11. There
are two panels: the batch change queue and the tablet lot
composition log. The queue allows user to input the future
batch changes for the different materials. The log allows
user to see the batch number of each component in that lot
of tablets.

As seen in Fig. 12, once batches have been added to the
queue, they can either be applied by selecting that entry and
pressing refill button upon refill or can be removed from
queue if user error. Once refill is pressed, any entry that is
selected is initiated. The minimum and maximum residence
times for that component are applied to accurately increment
the tablet lot number and update composition when impact
reaches the process outlet. Every time a minimum or maxi-
mum residence time is reached, the lot is incremented and that
lot number signal is sent through OPC to the control software.

Fig. 14 Completion of tablet
batch

Material Traceability Tool

In this example, lactose batches change much more quickly
than the other two components. As demonstrated in Fig. 13,
lactose was changed from batch number 20020 to 20030 to
20040 during production. Then when lactose was changing
from 20040 to 20050, acetaminophen was changing from
10010 to 10020. The tablet lots incremented following the
strategy proposed in Fig. 3. When the batch is complete, the
“complete batch” button can be pressed and information is
saved into separate file to be included in master batch records,
as seen in Fig. 14.

Demonstration of Material Tracing
in Five-Component Formulation

The developed software prototype is also capable of handling
formulations with many more components. Figure 15 demon-
strates the prototype handling material traceability for a five-
component formulation. Here, we can see components “A”
through “E” change batch numbers during operation. In this
example, component B changes first. Also, before batch 1 for
component B is fully cleared from the line, component D
changes. Then after D completes the transition, component
A changes. Then, component B changes again.

Batch Apap12345 is COMPLETE, see saved files for info

Raw Material Batch Change Queue
Material New Batch Number Action

Tablet Lot Composition Log

Acetaminophen v 10020

Tablet Lot Acetaminop... lactose  Magnesium Stea...
11 10010 20020 30030
Zz 10010 2002020030 30030
33 10010 20030 30030
Remove 24 10010 20030-20040 30030
55 10010 20040 30030
Refil || 66 10010 20040-20050 30030
707 10010-10020  20040-20050 30030
Ee 10010-10020 20050 30030
19 10020 20050 30030

Add To Queue Complete Batch ‘
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Fig. 15 Material traceability for
five-component formulation.
Component names “A” through
“E” represent five different com-

Material Traceability Tool
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Discussions

There are many impacts this tool can provide with respect
to direct compression continuous tablet manufacturing in
industry when operating at commercial scale. The first
being automatic logging of tablet lot number and associ-
ated raw material batch information. This feature allows
this information to be accurately stored in master batch
record, specifying the raw material batch information for
each tablet lot. By having the tablet lot number stored
with the process variables as well as raw material batch
properties associated with that specific tablet lot, this data
can be used for process monitoring and troubleshooting.
Multivariate analysis techniques can be applied to the
process data to determine correlations between the differ-
ent parameters. After all, it is possible that a change in
raw materials could affect a CPP for tablet production and
that would be easily seen if raw material batch informa-
tion is included with process data, which this framework
allows for.

This accurate material traceability also allows transitional
lots to be tested and released, not immediately discarded be-
cause of uncertainty in composition. In principle, changing
batch of raw material should not impact tablet quality. This
material traceability tool would run in parallel with any other
process monitoring technologies to determine acceptance and
rejection.

And finally, this framework for integration could be
used to incorporate material traceability into the control
software. So, instead of developing a stand-alone tool to
meet the process requirements, this tool could be built
directly into the software as another feature. This would
make data management easier, as well as integration of
this feature into the process monitoring dashboard. That
way, all process monitoring could be done from one pro-
grammed dashboard, containing material traceability user
interface, PAT results, CPPs, and real-time CQAs
displayed for operators and engineers.

@ Springer

Conclusions

A systematic framework has been developed for material
traceability in continuous pharmaceutical manufacturing pro-
cess. A corresponding software prototype has been also de-
veloped to automate the procedure. The application of the
framework has been demonstrated through direct compaction
continuous tablet manufacturing process case study. The de-
veloped framework is generic and therefore can be applied in
any continuous manufacturing process. This framework takes
evolving fields in pharmaceutical engineering, such as exper-
imental determination of residence time, predictive models for
residence time of individual unit operations based on material
properties, improved unit operations for continuous applica-
tion, as well as advancing the understanding of these process-
es, and utilizes them to accomplish this necessary goal of
material traceability. The newest and best ways being devel-
oped in these evolving fields will only strengthen and make
more efficient this framework for material traceability in con-
tinuous pharmaceutical manufacturing. The developed frame-
work is complementary to the existing control platform and
thus should have a broad application in continuous pharma-
ceutical manufacturing industries. The future work includes
the practical demonstration of the developed systematic
framework and corresponding software tool for material trace-
ability in continuous direct compression pharmaceutical tablet
manufacturing pilot-plant.
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