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Abstract: In recent years, Internet-of-Things technology (IoT) has been the subject of research in
diverse fields of applications. IoT plays an essential role in transitioning enterprises towards a more
interconnected paradigm of manufacturing, logistics, services, and business, known as Industry 4.0.
This paper presents an operational concept for a system that implements IoT technology in pallets,
which are used to move products along supply chains. These sensors will help us gain insight into the
conditions experienced by products and unit loads. Having this capability will allow us to obtain the
information necessary for better control of product distribution along the supply chain, and to design
packaging that is more efficient and effective in protecting products during distribution. In this paper,
we show how Model-Based Systems Engineering (MBSE) can be leveraged to create models that
capture the required system behaviors, and we address the complexity of an IoT system within the
domain of packaging and logistics applications.

Keywords: distribution packaging; Internet-of-Things; Model-Based Requirements; pallets; supply
chain; logistics; Model-Based Systems Engineering (MBSE)

1. Introduction

Established protocols for package testing are limited in their capacity to accurately
simulate real-world supply chain conditions. This results in suboptimal packaging designs
that decrease the efficiency of logistics operations [1]. The concept of packaging is defined
as “a means of ensuring safe and efficient delivery of goods in a sound condition to the
ultimate customer, supplemented by efficient re-use of the packaging, or recovery and/or
disposal of the packaging material at minimum cost [2]”.

Distribution packaging has an impact in the efficiency of logistics activities related
to product distribution and customer service [3]. Specifically, understanding the distribu-
tion environment in critical phases like transportation and warehousing, and using this
information to drive packaging design has the following advantages [3]:

• Lighter packaging which translates in less fuel consumption.
• Stronger packaging which reduces product damages.

In 2007, The World Bank published a study that stated that “80% of US trade is carried
on pallets” [4]. It was estimated that this amounted to 2.6 billion pallets circulating in the
United States in 2017 [5]. Pallets are a key component of distribution operations. They
transport goods and are the main interface connecting material handling equipment and
packaged products [6]. This makes pallets suitable vehicles for gaining insight into the
conditions experienced by products and packages during distribution. We believe this
can be achieved by using sensors embedded in pallets to capture data of interest about
the physical conditions in the supply chain. These sensors could capture information that
would be more reliable than what is currently available to engineers through generalized
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standards, and this new data may be leveraged to increase customization and optimization
of packaging designs.

IoT aims to integrate the physical world with computational systems by embedding
objects, such as pallets, containers, or packages, with sensors and software that can ex-
change collected data with cloud platforms and other smart objects, enabling opportunities
to develop new applications that will improve the efficiency and performance of logistics
and supply chain operations [7]. The implementation of IoT technologies will require
greater interaction among the physical and virtual elements in the supply chain, which
increases overall complexity. This makes necessary the adoption of an approach to tackle
this emerging complexity in order to ensure that new IoT systems in supply chains are
effective in responding to genuine needs and deliver real-world value.

In this paper, we apply model-based system engineering (MBSE) to develop a frame-
work for an operational concept of an IoT system for the palletized distribution supply
chain. The focus of this paper is to provide a conceptual solution to the problem of packag-
ing design through the application of MBSE, which will set a sound foundation upon which
specific system solutions can be developed in the future. This paper has two main contribu-
tions: first, a concept of operations which describes how the proposed IoT system would
be useful and drive efficiency improvements in the packaging design process; secondly,
the definition of requirements using MBSE constructs such as the semantically expanded
sequence diagrams and signal elements of the System Modeling Language (SysML) in the
True Model-Based Requirements (TMBR) approach.

To the best of our knowledge, this is the first paper that addresses the search for
solutions within packaging and logistics domains by applying MBSE. Our intent is to show
MBSE as a methodological approach that can support the development of solutions within
the packaging and logistics domains. To this purpose, we take the implementation of IoT
in pallets as a case study, due to its current relevance as a topic of interest in literature and
among industry experts in the field. Empirical validation of the modeling constructs for
the proposed system, as well as the selection of specific technologies is outside the scope of
this paper.

The following research questions are formulated:

1. Do companies have needs in their distribution packaging supply chain that makes
necessary the adoption of such a system?

2. How can IoT technology be implemented to address the needs of companies’ distribu-
tion packaging supply chains?

3. How can MBSE contribute to the development of systems within the packaging and
logistics domains?

2. Related Work

System development in the fields of logistics, supply chain, and IoT have focused on
specific technology solutions, rather than defining system requirements, and it has so far
lacked an approach with which to tackle the complexity of such system developments.
Examples of different technologies are found in several authors works [8–11].

A system for supply chain management and integration based on the concept of cloud
of things is presented in J. Yan et al.’s “Intelligent supply chain integration and management
based on cloud of things” [8]. The proposed system’s architecture was composed of three
layers: perception, network access, and management. The authors conclude that the
distributed nature of the system increases the complexity of supply chain management.

An intelligent tracking system for the cold chain is found in H. Luo, et al.’s “An
Intelligent Tracking system based on internet of things for cold chain” [9] based on a
wireless sensor network built on Zigbee as its protocol for sensor communication within
the IoT network and 2G, 3G, and 4G to transfer the information to monitoring servers. The
sensors for this research were placed in cold storage warehouses and refrigerated trucks.
They collected temperature data and emitted alerts when critical parameters became
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abnormal, aiming to have better control over the products and notify on site personnel to
take action [9].

A supply chain mapping and real-time shelf-life prediction application is found in R.
Jaderman, et al.’s “Remote quality monitoring in the banana chain” [10]. The temperature
during transportation for bananas was tracked from Costa Rica to Germany by placing
wireless sensors in the center of selected boxes. This allowed for more precise shelf-life
estimations for products and helped to identify the “hot-spots” along the chain where
conditions were more apt to cause damages to the cargo.

Limitations, and improvement propositions for packaging design, are found in these
two articles: V. Rouillard’s “Generating road vibration test schedules from pavement
profiles for packaging optimization” [1], and V. Rouillard and M. Lamb’s “On the effects of
sampling parameters when surveying distribution vibrations” [12]. In them, the focus is on
improving the characterization of the vibration environment during distribution. These
studies emphasize the technical configuration of parameters to improve characterization.
Our paper takes this aspect into consideration by incorporating it into a broader framework
for distribution environment characterization using MBSE. Other works point to more
specific relationships between unit load components that affect packaging design, such as
C. Quesenberry, et al.’s “The effect of pallet top deck stiffness on the compression strength
of asymmetrically supported corrugated boxes” [13].

In relation to the application of systems engineering (SE) techniques, F. Vanek, et al. [14]
studied the benefits that using SE techniques generate in new product development. The
authors found a positive association between high performing projects and utilization of SE
techniques, and they also found that projects with deficient performance were characterized
by a lack of SE technique implementation.

A bioanalytical system model based on MBSE is presented in E. Evin and Y. Uludag’s
“Bioanalytical Device Design with Model-Based Systems Engineering Tools” [15], where
different diagram elements are used to create a system model that enables multidisciplinary
teams to work together. The authors concluded that better examples of the use of MBSE
are needed, especially in domains where its implementation remains unexplored.

Based on this review of related work, we conclude: IoT is a relevant field of exploration
for supply chains and logistics; there is a lack of a systematic approach towards tackling
the problem of packaging design; and it is worthy to explore the use of MBSE to create
a framework that will define requirements for a system that aims to improve packaging
design in supply chain operations.

3. Capability Needs in the Packaging and Logistics Domain

We conducted a semi-structured interview with engineers and executives from
11 companies to understand the needs and challenges that companies face in relation
to their packaging design processes and distribution operations. These companies were
selected based on their availability and willingness to participate. The insights derived
from these engagements are not meant to be representative of the entire industry, but rather
to provide unique perspectives from different types of companies.

The engineers and executives in these companies were contacted via phone call. The
following questions were utilized to guide the interview:

• Q1. What type of products does your company manufacture?
• Q2. How are your products distributed to your customers?
• Q3. What are the main distribution hazards that are present downstream in your

supply chain?
• Q4. What type of information about your supply chain’s distribution hazards is

currently available to you for the packaging design process?
• Q5. What information about the distribution conditions downstream in your supply

chain, or about the conditions of your cargo, would be valuable for your company to
know on a continuous basis?
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One of the most crucial insights obtained from these interviews was that the type of
information needed is dependent on the type of product being distributed and the type of
supply chain. For example, companies that manufacture packaging for the pharmaceutical
and food industries put a higher importance on safety and cleanliness.

Seven out of eleven participants had an interest in location tracking to increase vis-
ibility, control routes and lead times, and identify bottle necks. In the case of reusable
packaging, location tracking would help prevent assets from being lost.

Seven out of eleven companies utilize international standards to design their packag-
ing. Two of the interviewees stated that the standards were not aligned with their particular
supply chain conditions. One of the companies interviewed expressed concern about imple-
menting technology in their packaging solutions until they understood better what would
happen to the physical technology infrastructure once the packaging unit reached the end
of its lifetime. This was an important consideration to them, when planning for IoT tech-
nology infrastructure to be installed in reusable packaging. All but one company expressed
interest in obtaining information about temperature, vibration, shock, location, humidity.

4. Using MBSE for IoT System Design

Systems Engineering is an engineering discipline that aims to tackle the growing
complexity of sociotechnical systems; therefore, it studies the application of strategies to
conceptualize, build, and operate engineered systems [16,17]. This approach has tradi-
tionally been used in the development of aerospace and defense related systems, but its
implementation in civil and commercial applications has gained ground in recent years
due to its demonstrated effectiveness in producing better performance outcomes [14]. This
paper hopes to broaden systems engineering application to support the development of
an IoT system that aims to improve packaging design and logistics operations. Model-
Based Systems Engineering (MBSE) can be understood as the application of models to
support system solutions in response to stakeholder needs [18], which tackles the com-
plexity created by system interactions, and facilitates people from different disciplines
working together in an integrated model when designing a system [15]. Furthermore,
it has been suggested that the technological and commercial success of IoT systems is
dependent on the application of sound systems engineering tools, and that without MBSE,
IoT system development, deployment, and operation would require more resources from
the stakeholders involved [19].

The application of a model-based approach to systems design has several potential
advantages [18]:

• Enhanced communication among members of the development team and stakeholders.
• Higher quality requirements.
• More effective comparison of different design alternatives.
• Lower error rate during integration and testing.

The system design concept presented in this paper was developed using systems
engineering within an MBSE environment. The resulting models aim to replace document-
based and textual representations of the different design artifacts. Furthermore, we make
use of the True Model-Based Requirements (TMBR) approach [20], which uses an extended
semantic interpretation for some of the traditional SysML constructs. This is necessary to
not enforce design solutions in the requirements models [21]. Specifically, in this paper,
we limit its application to modeling requirements as required transformations of input
trajectories into output trajectories using Sequence Diagrams (ref. Figure 1), where the inputs
and outputs, as well as their required characteristics, are modeled using Signal elements
(Figure 2).
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5. Concept of Operations

Following [22], we describe the system’s concept of operations as a transition from
the “As-Is” to the “To-Be” situations. In the “As-Is” situation, we describe how pallets are
currently employed by companies, their interaction with the products they carry, and the
process that is traditionally followed for packaging design. Here, we also indicate how
certain pitfalls in traditional package design and pallet usage can lead to higher packaging
costs. In the “To-Be” situation, we focus on showing how our proposed IoT system concept
would change the way pallets are employed, and how this change could lead to efficiency
improvements in the packaging design process that will produce more effective packages.

5.1. The Current State

Pallets are used by manufacturers to transport products down the supply chain, either
directly to a customer, to a distribution center, or to a warehouse in which the unitized
load is stored, and later redirected to the final customer. Once the unit load arrives at its
final destination, assuming there were no picking processes along the way, the product on
the pallet is unloaded, and the pallet is put aside to be discarded, reused, or recycled. The
primary purpose of the pallet is to protect the product and to enable its movement during
distribution. An illustration of the traditional shipping of products is shown in Figure 3.

The movement of finished products from the manufacturer to the final point of con-
sumption implies the physical movement of a product through a series of nodes down
the supply chain until it reaches the customer. This movement varies depending on many
factors, such as the type of product and destination point.

All of the movements that occur in the process of transporting a product result in
the product interacting with multiple external conditions known as distribution hazards,
and may include shock, vibration, compression, and atmospheric conditions. Shock refers
to the forces that products experience while they are being moved by material handling
equipment, like pallet jacks, forklifts, and conveyors. Products also experience shock
during transportation when they are subjected to the forces produced by jumps or sudden
breaks in motion. Vibration is transmitted to products during movement by equipment
like trucks, parcel delivery vehicles, airplanes, rail carts, and vessels. Compression refers
to the forces products are subjected to as the result of being stored and transported with
other products in the form of consolidated unit loads. Lastly, atmospheric conditions are
those relating to the environment in which the product travels, like temperature, relative
humidity, and atmospheric pressure.
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The role of distribution packaging during distribution is to minimize the negative effects
that these potential hazards pose to the products, and to help guarantee that the product
reaches the customer in an acceptable condition in order to achieve consumer satisfaction.

When designing a distribution packaging solution for a product, a company needs
to have a sense of the physical conditions that the packages and products will experience
during distribution. Once a design solution is chosen, the company needs to decide whether
or not to proceed with laboratory testing. The purpose of testing is to establish with higher
confidence if the package is fit to survive the distribution environment. However, testing
implies increased costs for companies, and some may decide that the cost is not worth
the higher confidence about a package’s adequacy for distribution. Testing is usually
carried out following standardized sequences of distinct distribution hazard sub-tests, like
shock and vibration, that are meant to resemble the exact conditions that the packages and
products will face along the distribution supply chain. A prerequisite for successful testing
is prior knowledge about the supply chain. The specific conditions of the supply chain
will vary from case to case as different companies use different means of transportation,
different material handling systems, and distribute across varied geographical areas.

If the results of the laboratory testing indicate that the packaging will successfully
protect the product, given their specific distribution conditions, then the packaging is put
into use on a trial basis, using it to ship a sample load of products. Otherwise, the packaging
is redesigned, and the testing process starts again. Once a trial run is successful, the
packaging solution is deployed; otherwise, the package is redesigned, and the testing and
trial process starts again. The flow diagram shown in Figure 4 describes the development
process for new distribution packaging designs. In the diagram, rectangles represent
processes, and diamonds represent decisions.
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Because of the high uncertainty associated with which distribution hazards are present
during handling and transportation, as well as their intensity levels, companies usually
choose one of two strategies. Either they choose to accept the losses resulting from the
inadequate packaging solution, or they increase the level of protection by overpackaging
their product, which increases packaging costs and decreases operational efficiency [23]. In
this paper, we assume that by having greater certainty about the conditions present in the
distribution supply chain, it is possible to design more efficient, effective, and appropriate
packaging solutions for any given product.

Furthermore, in this traditional use of pallets and packaging, there is no visibility
about the conditions of the products during transportation. This means that products
that were damaged during the trip are more likely to reach the customer, which can cause
several setbacks for the product owner. This is also indicated in Figure 3.

5.2. The Future State

In our proposed framework, the pallet collects environmental information. Specifically,
the pallet collects information about temperature, relative humidity, vibration, shock, and
location. At the end of the trip, the pallet stops collecting data, and is picked up to be
re-allocated, repaired, recycled, or disposed.

In this future (desired) situation, the product location is captured as it moves towards
the customer. Based on the user’s knowledge about the sensitivity of its products, when one
of the parameters exceeds a predefined threshold, the user receives an alarm notification
indicating the anomaly. This can trigger further control processes, like stopping the cargo
in transit for inspection, assuring either that any damaged product does not reach the
customer or to prevent damage from occurring.

Furthermore, the distribution environment characterization provided by the system
can enable the optimization of packaging design. This is because the collected data is
expected to allow the recreation of distribution conditions more accurately than what
current standards provide. We believe this will have a positive impact on designing
packaging solutions that adequately protect products, with the least use of material, hence
reducing cost and increasing efficiency. The “To-Be” situation is presented in Figure 5.



Systems 2022, 10, 4 8 of 16

Systems 2022, 9, x FOR PEER REVIEW 8 of 17 
 

 

shock, and location. At the end of the trip, the pallet stops collecting data, and is picked 
up to be re-allocated, repaired, recycled, or disposed. 

In this future (desired) situation, the product location is captured as it moves towards 
the customer. Based on the user’s knowledge about the sensitivity of its products, when 
one of the parameters exceeds a predefined threshold, the user receives an alarm notifica-
tion indicating the anomaly. This can trigger further control processes, like stopping the 
cargo in transit for inspection, assuring either that any damaged product does not reach 
the customer or to prevent damage from occurring. 

Furthermore, the distribution environment characterization provided by the system 
can enable the optimization of packaging design. This is because the collected data is ex-
pected to allow the recreation of distribution conditions more accurately than what cur-
rent standards provide. We believe this will have a positive impact on designing packag-
ing solutions that adequately protect products, with the least use of material, hence reduc-
ing cost and increasing efficiency. The “To-Be” situation is presented in Figure 5. 

Realizing this future state will require the selection of technologies that are capable 
of sensing environmental data, communicating with the user, providing a user interface, 
and recording, organizing, and displaying information. The focus of this paper is to pro-
pose the conceptual system, rather than its physical implementation. In the next chapter, 
we present MBSE constructs that define system requirements, which will serve as baseline 
for specific technologies selection and evaluation. 

 
Figure 5. To-Be Situation Concept of Operations. 

6. Operational Design of Proposed Concept 
6.1. System Use Cases 

Two primary use cases, and two secondary use cases, are identified here. The first is 
“User Enters Inputs,” which describes a case where the user provides the system with 
information that determines its functionality, according to the specific user’s needs. The 
second use case is “User Enters Incorrect Input,” which captures what happens when the 
user enters information that cannot be accepted by the system. This is important because 
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Realizing this future state will require the selection of technologies that are capable of
sensing environmental data, communicating with the user, providing a user interface, and
recording, organizing, and displaying information. The focus of this paper is to propose
the conceptual system, rather than its physical implementation. In the next chapter, we
present MBSE constructs that define system requirements, which will serve as baseline for
specific technologies selection and evaluation.

6. Operational Design of Proposed Concept
6.1. System Use Cases

Two primary use cases, and two secondary use cases, are identified here. The first
is “User Enters Inputs,” which describes a case where the user provides the system with
information that determines its functionality, according to the specific user’s needs. The
second use case is “User Enters Incorrect Input,” which captures what happens when the
user enters information that cannot be accepted by the system. This is important because
system functionality will be affected by these inputs, and unacceptable inputs or user
mistakes must be identified and handled to ensure correct functionality. The third use case
is “Monitoring During Usage,” and it captures the scenarios where the user monitors the
distribution of products. A fourth use case is identified as “Input Modification During
Usage.” This is an important consideration, given that the user might want to adjust the
system once it is operational. For example, to correct erroneous configurations. Figure 6
shows the different use cases anticipated for this system and the actors that interact with it.
Actors are either users of the system or external systems.
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6.2. System Context

The system boundary, shown in Figure 7, is defined by establishing the interactions
exhibited by the system. From the concept of operations, it is known that we will require
the system to collect data about the environmental parameters experienced during transit
between the different stages of the supply chain.
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To achieve its purpose, the IoT system must interact with the physical environment to
collect the inputs for the collection of distribution parameters. This physical environment
has been broken down into four elements. First, the atmosphere, from which the IoT system
senses temperature and relative humidity. Second, the transportation modes, which inputs
shock impulses and random vibration to the IoT system. Third, the material handling
systems, which also inputs shock and vibration forces to the IoT system. Fourth, the unit
load that is placed on top of the pallet puts a vertical force on the system. We assume that
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the effects of this force are negligible; therefore, they have not been captured. The specific
definition of the system’s external interfaces lies outside the scope of this paper.

6.3. System Interactions

The requirements defined for this conceptual system are created using Sequence
Diagrams (with extended semantics), as discussed earlier. One Sequence Diagram is
developed for each Use Case shown in Figure 6.

• User Enters Inputs

The elaboration of the use case “User Enters Inputs” is captured in Figure 8. The first
required interaction goes from the user to the system and consists of a signal by which
the user indicates to the system that a specific pallet must be linked to a shipment (Linking
Pallet to Account Command). The system must then assign the chosen pallet to that user’s
account and display back a message to the user confirming that the pallet has been paired
(Pallet Pairing Confirmation).
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Once the pallet is linked to the user’s account, the system must receive certain input
parameters from the user which are necessary for correct functioning. To begin with, the
system must request the user to provide the final destination of the pallet (Final Destination
Request and Final Destination Input, respectively). This input indicates when the system
should stop collecting data. Second, the system must offer the user the option to select what
type of measurements are to be collected (Measurement Selection Request), and later accept
the user selection (Measurement Selection Input), which may indicate the selection of “Event-
based data collection” or “Time-based data collection.” Different interactions are required
depending on this selection (as captured by the alt construct). When “Event-based data
collection” is chosen, the system must request from the user (Parameter Threshold Request),
and accept from the user, the input of thresholds that specify the events to be tracked, which
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are characterized in terms of temperature (Temperature Threshold Input and Temperature Alert
Condition), relative humidity (Relative Humidity Threshold Input and Relative Humidity Alert
Condition), and shock (Shock Threshold Input). When “Time-based data collection” is chosen,
the system must request from the user (Parameter Selection Request), and accept from the
user, the parameters to be measured. The user can select from a combination of temperature,
relative humidity, atmospheric pressure, vertical force, and random vibration (Parameter
Selection Input). In contrast to “Event-based data collection,” there is no threshold or alert
conditions because the purpose is to just periodically collect all data.

The lifetime of the system must be at least one year (captured by the loop construct). The
required characteristics of some of the elements (signals) exchanged between the system
are shown in Figure 9. For example, the system must measure temperature in the range
between −40 ◦C to 71 ◦C, and hence this range must be defined for the Temperature Threshold
Input. In a similar way, the system must identify when a temperature threshold has been
surpassed, depending on whether the value measured is equal, lower, or higher than the
threshold (Temperature Alert Condition). We have chosen for these examples the range of
values for shock, temperature, and relative humidity that are recommended for field data
collection by the International Safety and Transport Association (ISTA) [24].
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• User Enters Invalid Inputs

If the system receives threshold arguments that do not match the attributes required
for each parameter, the system must reject the user’s attempt to enter them as input and
must request the user’s input again (as captured by the alt construct). The use case “User
Enters Invalid Inputs” is captured in Figure 10. This interaction will occur until the user’s
input argument is valid (captured by the loop construct). The valid arguments are defined as
signal attributes and are shown in Figure 9.

• Input Modification During Usage

It is possible that a user enters an input to the system that, although valid, might
be incorrect in the context of the user’s application. A provision is made in the system
concept, so that the user can correct for such mistakes. For example, if a user enters a final
destination that does not correspond with where the pallet is actually travelling, the system
will not be able to recognize that the pallet has arrived at the destination and will keep
recording data that is not needed.

We capture the elaboration of the use case “Input Modification During Usage” in
Figure 11. First, the system must accept an indication that a modification is intended to be
made for an input (Edit Inputs Command). Then, the system must query which input must
be changed (Modification Selection Request). After this, the system must accept the selection
of the input to be modified (Input Selection) and make the modification on the input that
was selected (Input Modification). Finally, the system must confirm that the change has been
successfully saved in the system (Saved Input Confirmation).
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• Monitoring During Usage

The elaboration of the use case “Monitoring During Usage” is captured in Figure 12.
During the course of one year, the system will receive Temperature, Relative Humidity, Shock,
Atmospheric Pressure, Vertical Force, and Random Vibration inputs, as discussed previously
(captured by the first loop construct). The system must then store these inputs until the pallet
arrives at the final destination (captured by the second loop construct). The construct par is
used to capture interactions that depend on the type of measurement chosen by the user. If
the user previously selected “Event-Based Data Collection” as the way of measurement,
and either temperature, relative humidity, or shock falls outside the specified condition
(Figure 8), then the system must send an alert to the user (Event Alert); otherwise, no further
action is required (as captured by the alt construct). During usage, the user may also inquire
about previous event alerts (Alert Records Request), and the system must in turn provide
all of the previous alerts that have been recorded (Alert Records). If the user previously
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selected “Time-Based Data Collection” as a way of measurement, every 15 min the system
must collect the temperature (Temperature Measurement), relative humidity (Relative Humid-
ity Measurement), Compression (Force Measurement), and atmospheric pressure (Pressure
Measurement) in its immediate surroundings and determine its current location (Updated
Location Information). This is captured by the third loop construct.
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In addition, every 16 s, when the system receives random vibration with an accelera-
tion greater than 0.98 m/s2, it must convert that signal into a power spectra density plot
(as captured by the fourth loop construct). If the acceleration is lower than 0.98 m/s2, then no
conversion or output is required (as captured by the second alt construct). These constraints are
explained by the fact that trucks move intermittently on the road, stopping for traffic lights
and other types of stops. When trucks are not moving, vibration data is not relevant, and
it would be rather detrimental if these periods of non-motion were included, as it would
cause the vibration profile represented by the power spectra density plot (PSD plot) to be
underestimated. We selected a threshold of 0.98 m/s2 based on the International Safety
and Transport Association (ISTA) standard for field data collection, which considers that a
trigger level of 0.98 m/s2 allows to collect data any time a vehicle is in motion [24]. From
here, we assume that any acceleration below that level would occur when the vehicle is not
in motion. The PSD plot reflects the intensity of the entire trip from the point where the
pallet is linked to the point where the pallet reaches the final destination. Previous studies
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have shown that to compute a representative PSD plot, it is necessary to collect 12.5% of
the vibration during transit [1], which is achieved by collecting data every 16 s, at a rate of
1000 samples per second during an interval of 2 s (as captured by the fourth loop construct).

At any point during usage, the user can inquire about the location of a pallet (Location
Request Command), and the system will provide its most recent location (Updated Location
Information). Once the pallet has reached the final destination, the user can access the
information collected by the system (Shipment Information Request). The system must
in turn provide the user with the records of all the parameters tracked during the trip
(Shipment Records).

Signal elements are used to specify the characteristics of the signals that arrive in the
system from the physical environment, as well as the characteristics of the signals that the
system sends to the user. Samples of input and output signal characteristics are shown in
Figure 13.
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7. Discussion

Packaging plays an important role in logistics operations and efficiency. Research in
this field has centered on very specific aspects of packaging rather than on a systematic
approach to improving its design. Our conversations with industry professionals indicated
that there is an interest in understanding more accurately the environmental variables
that affect packages and products. There is also interest in aspects like location, which
do not relate directly to packaging design but to logistics operations. We believe that
more accurate information about these types of environmental variables will lead to more
efficient packaging designs that will produce positive outcomes in terms of material use
reduction, weight reduction, and better product protection.

A review of related work points to increasing interest in research of IoT technology
and its application in supply chains. However, research combining packaging and IoT
remains absent. This paper brought these two fields together, adopting a systems-based
approach in order to understand how IoT can solve problems in packaging and logistics
domains. We have presented how IoT technology can be leveraged to obtain environmental
data that can then be used to design more customized and efficient packages.

Throughout this paper, we have shown how MBSE artifacts can be used to conceptual-
ize a new system and establish system requirements. The use of sequence diagrams, and
signal elements to define requirements provides the advantage of avoiding unnecessary
constraints on the solution space by making the system designer focus on the definitions
of system boundaries and not on prescribing internal behavior [20]. We believe this is
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instrumental for novel fields like IoT, and its applications in packaging and logistics, be-
cause by defining a solution-independent set of requirements, there is no prescription
of how such requirements are to be met, thereby bringing opportunities for creative and
innovative design. From a packaging engineering perspective, the application of MBSE
tools facilitate the conceptualization and visualization of the different elements that affect
packaging performance. Efforts to improve packaging for a single variable, or to optimize
a single element of distribution operations, have been found to increase costs and reduce
operational efficiency [6]. We find that MBSE further aids in the implementation of a
systematic approach to packaging design by enabling the creation of constructs that capture
requirements at a system level.

We recognize that there are many practical challenges surrounding the application of
IoT in supply chains: network access in multiple locations, data storage, cloud computing
versus edge computing, power constrains, data sharing, and others. Our paper defined
a framework of requirements so that specific technological solutions for each of these
problems can be built.

8. Conclusions

An operational concept of a system that uses IoT technology to capture data about
the conditions in a distribution environment has been proposed using a MBSE approach
to achieve data-collection capabilities that satisfy the needs of industrial companies as
related to packaging and product performance during distribution. MBSE is useful for this
application because it addresses the complexities presented by the nature of IoT technology,
so that the system developed is more likely to meet the requirements necessary to satisfy
the user’s needs. Furthermore, the application of the systems engineering framework
makes it possible to lay out a clear value proposition for the adoption of a new technology,
like IoT, in the fields of packaging and logistics, so there is higher certainty that the new
system will be responding to genuine user needs.

In this paper, we have shown how MBSE can be applied in the field of packaging and
logistics to conceptually design a system that improves the package design process and
increases visibility along the supply chain. We intended this study to serve as a framework
on which to develop and validate specific system solutions. The MBSE constructs presented
in this paper provide a baseline with which to evaluate the adequacy of specific solutions.
For example, the construct shown in Figure 12 establishes that, when certain environment
inputs exceed a threshold, the system shall send an alert to the user. We still do not know
which specific technology, combination of technologies, or collaborations between different
stakeholders in the supply chain, are necessary to satisfy this requirement. Therefore, future
research will need to focus on realizing a system solution that will satisfy this requirement.
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