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Digitalization and globalization challenge companies to remain competitive to
survive. Digitalization is disrupting traditional business models and reshaping
organizational structures but also offering new opportunities to improve products.
For example, various different simulation approaches are widely utilized in modern
manufacturing. Using industry case examples, this dissertation examines how
simulation is currently being used.

The objective of the dissertation is to provide manufacturing industry insight into
how simulation can be implemented from both technological and management
perspectives. The included research publications cover technically oriented articles
with industrial use cases for physics-based simulation and management-oriented
articles that study value creation and digital business ecosystems.

The included articles make several contributions regarding the development of
simulation modeling as well as providing information as to how value is created
via simulation in manufacturing. Therefore, the information provided is useful to
promote and assist further research in the field.

Keywords: Simulation, Value Creation, Digital Business Ecosystem, Manufactur-
ing, Industry
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Chapter 1
Introduction

In today’s rapidly changing global markets, industries are becoming not only in-
terconnected, but also interdependent. To survive, digitalization and globalization
are increasing the pressure on companies to remain competitive. Merely adapting
technology is not enough. Companies must also understand business trends and
the complexity of modern technology.

Simultaneously, digitalization is disrupting traditional business models and re-
shaping organizational structures [142]. To better understand digitalization as
a phenomenon, scholars have increasingly begun to examine digital ecosystems
[17, 108, 101], digital business ecosystems [110] and digital platforms [15, 31].

In addition, the business ecosystem is no longer seems to be sufficient to ensure
success in manufacturing. Survival depends on successful integration with the
digital ecosystem. Combining business and digital ecosystems results in new
collaborative organizational networks that are referred to as Digital Business
Ecosystems (DBEs) [116, 110]. Figure 1.1 illustrates.

In the manufacturing literature, the DBE has studied in many contexts. For
example, numerous studies have looked at upgrading traditional manufacturing
to Smart Manufacturing (SM) [72, 77, 134, 111]. The goal of SM is to have fully
integrated, collaborative manufacturing systems that meet changing demands
and conditions in real time in the factory, in the supply network, and satisfying
customer needs in the marketplace [72, 92]. Industry 4.0 is usually referred to as
Smart Manufacturing.

Industry 4.0 refers to the emergence and diffusion of a range of new digital
industrial technologies, e.g., in relation to automation and data exchange in
manufacturing technologies [118, 55]. Moreover, studies about Digital Twins (DT)

17
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Digital
Ecosystem Digital

Business
Ecosystem

Business
Ecosystem

Figure 1.1. Digital ecosystem, business ecosystem, and digital business ecosystem
alignment [119].

and how they are used in manufacturing have been of interest [78, 122, 123, 60,
133, 103]. A DT is a digital representation of a real-world system or entity.

DTs related to manufacturing lines and based on simulation are studied in this
dissertation. State of the art DTs are real-time simulation models based on
multibody dynamics that can manage a large number of interconnected rigid
and flexible bodies [11]. These multibody-based approaches can be combined
with actuator models to enable the description of multi-physical systems [105].
Multibody-based approaches and real-time simulation seems to be a well-studied
research field; however, the research literature seems to suffer from a shortcoming of
practical industrial case examples. To alleviate this shortcoming, this dissertation
provides industrial case example of real-time simulation model based on multibody
dynamics.

One presented industrial case is about a veneer peeling lathe. The developed
real-time model of the lathe can be used in various different product processes
such as in product development, the service businesses, and marketing. Figure 1.2
shows the veneer peeling lathe simulation 3D model in the Unity environment.

A second industrial case example of simulation introduced in this dissertation is a
process simulation study of a continuous veneer dryer. Optimization of the drying
process is a topic of interest from both economic and environmental standpoints.
Drying is the most energy intensive process in a plywood mill, and the quality of
veneer sheets, which should be within the optimal range for gluing of plywood
panels, depends on moisture content.

The possible next step from these examples is taking simulator-driven design
methodologies to a new level by developing and utilizing real-time simulator-driven
processes. This will provide visibility and accessibility to multiple stakeholders in
every part of the product life cycle and therefore enhance the potential of new
business models to drive increased competitiveness. However, this new field of
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Figure 1.2. Veneer peeling lathe 3d model visualization in Unity virtual environment.

technology is not fully mature and is currently only being applied in limited cases,
so there are many benefits yet to be discovered and proven.

1.1 Research problem

The original goal of this dissertation was to illustrate how simulation is typically
utilized in manufacturing. Therefore, this dissertation was planned to describe
the development of simulation models for true industrial-level case examples.
Additionally, the dissertation was intended to explore value creation related to
simulation and learn how digitalization could affect business models in manufac-
turing. Therefore, the overall research problem of this study was as follows.

Research problem: How is simulation best developed and utilized in manufacturing?

In this study, the research problem and most of the studies rely on real-life needs
from the manufacturing industry.

1.2 Research questions

The aim this dissertation was to present and share with the research community
what kind of simulations are utilized in real life by a manufacturing company.
Therefore, Research Question 1 was formatted as such.
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RQ1: How is physics-based simulation best used to benefit the development of
veneer production machinery?

The veneer peeling lathe is the core of veneer production, and that is why it
was first chosen as the subject of this research. Thus, Publication I describes
the development process of a real-time physics-based simulator for a veneer
peeling lathe. As protecting the environment is becoming increasingly important,
the savings in energy usage in plywood mills is also becoming more important.
And veneer drying is the most energy intensive process in plywood production.
Therefore, Publication II focused on the development of process simulation for
continuous veneer dryer.
In relation to the lathe simulator developed in Publication I, it was important to
address the real life need for a realistic VR environment for the simulator. Thus,
Research Question 2 was formatted.

RQ2: How can authentic VR environments for physics-based real-time simulators
be produced?

Publication III presents a solution that satisfies that need. In addition to the
development of simulation focused research, this dissertation aimed to study value
creation related to simulation. Accordingly, Research Question 3 was formatted
as follows.

RQ3: How might real-time physics-based simulation change business models in
manufacturing?

Publication IV studied company value chains and business models in relation
to value creation with real-time simulation. The next step was to research how
real-time simulation and other digitalization processes will affect manufacturing
business strategies. Publication V was a literature review that provides new
insights in relation to digital business ecosystems in manufacturing industry.

1.3 Scientific contribution of this dissertation

This dissertation presents the five main contributions shown in Figure 1.3.
The publications can be divided roughly into two different groups: technical
contributions and business perspectives.
Publication I: The publication offers a novel scientific contribution with its
presentation of a co-simulation-based solution procedure for the veneer peeling
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Figure 1.3. Role of each publication in this dissertation.

process using an approximated multibody approach in conjunction with the Atkins
cutting force description. The accuracy and robustness of a simple description
of the Atkins orthogonal force model was studied against a finite element model
of the veneer peeling process. The simulation procedure for the proposed veneer
peeling process was verified by comparing the output quantities and cutting force,
respectively, against experimental measurements from an actual peeling lathe and
a finite element model solution.

Publication II: As a second scientific contribution, this publication provides a
second industrial case example that introduces the modeling principles for the
veneer dryer. The implementation of the convective dryer model in the MATLAB
Simulink environment and the methodology of the statistical analysis are described,
and results from the model simulations and sensitivity analysis are presented.

Publication III: A third scientific contribution is the description of a method to
generate a working environment for real-time multibody-based simulation models.
The environment is based on an existing real-world location selected as the case
study, the campus area of Lappeenranta-Lahti University of Technology LUT in
Finland.

Publication IV: This publication contributes to the dissertation by describing
how incorporating real-time simulation in different value chain processes can
affect business models and benefit various stakeholders. The primary objective is
to explain how real-time simulation tools can increasingly represent real-world
functionality in today’s businesses and emerging industries. This innovation has
increased global competition to raise product quality and lower production costs
and has ensured real-time access to relevant product and production data for the
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involved parties. Therefore, companies are lowering the barriers to participation
in their product development and support processes and giving multiple parties
better access to data by exchanging it through autonomous systems embedded
throughout the value chain. To cope with these technological changes, industries
have had to evolve and face the changing market. In this new environment, it is
necessary to think more about creating value based on real-time simulation.

Publication V: This dissertation, via Publication V, contributes and provides
new insights to the under researched topic of digital business ecosystems in
manufacturing by revealing prerequisites, challenges, and benefits and proposing
research topics for further studies. The study should be of benefit to directors
and managers working in the manufacturing industry. Manufacturers can start
considering how the impending digitalization of their industry might affect their
businesses and their business models. The study should enhance understanding
of the digital business ecosystem and how it will affect the entire manufacturing
industry.



Chapter 2
Studies on business perspectives

This chapter presents the main findings from two different research articles
addressing digitalization and business ecosystems. Section 2.1 provides information
about real-time simulation models and value creation with the real-time simulation
models. The following three sections present the main findings from a literature
review article about DBEs for manufacturing. The literature review findings
are tagged according to the three research questions addressing prerequisites,
challenges, and the benefits for manufacturing DBEs.

2.1 Real-time simulation models and value creation

A complete real-time simulation model integrates the appropriate elements;
including the models of environment, mechanics, control system, and user input;
and predicts their interaction to simulate the dynamics of an entire system [84].
The user’s main role is to provide input signals via the control console to direct
the control system. The control system is where most of the input/output data is
processed and synchronized with other subsystems. Actuators produce the forces
needed to drive the mechanical subsystem. For example, hydraulic actuators
output the required forces to the mechanical system, which responds by moving
within its motion constraints. Multibody system dynamics is the basis of the
mechanical subsystem modeling, and it includes the description, e.g., of the bodies,
joints, contacts, and tires. In a multibody approach, the set of position coordinates
can be defined using generalized global or relative coordinates [30]. A selected set
of coordinates is also used to define the velocities and accelerations of the system
bodies.
To express the equations of motion, the dynamic equilibrium of the system must
be defined. This equilibrium can be determined using an approach such as the

23
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principle of virtual work. A multibody system is a constrained system, so the
constraints must be considered when defining the equations of motion. There
are several ways to express them including coordinate partitioning, the penalty
method, the augmented Lagrangian method [13], the collision response model [69],
and the lumped LuGre friction model [65]. Furthermore, the hydraulic system
model that describes the actuators is often based on lumped fluid theory, where
the hydraulic circuit is divided into discrete volumes with the assumption that
the pressure is distributed equally [135].

Simulation tools such as these have helped decrease cost and improve simulation
capabilities, making it possible to model and predict real-world behaviors. As a
result, the capabilities of real-time simulation and its ability to solve real-world
problems have improved. In addition to the reduction in modeling cost, the new
techniques have been made more available and accessible to a larger number of users
for multiple applications [14]. The importance of properly understanding the needs
and wants of customers during the product design process, and therefore involving
customers in the actual process through a virtual prototyping experience with
real-time simulation tools, has driven the need for improved real-time simulation.
In real-time simulation, the time required to perform computational functions
and accurately compute equations must be synchronized and must be faster than
the simulation time-step for the simulation to acceptably represent its physical
counterpart with equivalent performance [14]. For each time-step, the simulator
takes the following actions [14]:

1. Reading inputs and generating outputs,

2. Solving model equations,

3. Exchanging results with other simulation crossing, and

4. Waiting for the start of the next step.

As implied in the previous steps, all output data can be exchanged and shared.
This capability enables a new form of communication between stakeholders, which
could include current or potential customers, other dealers involved in the sales
action such as sub-retailers and wholesalers, partners and investors, or any other
party that makes use of the simulator-gathered real-time data.

Traditionally, product and service development decisions are made, for the most
part, by the few experts tasked with directly addressing development issues and
questions [87]. A certain approach could even be paternalistic, for example, see
[10]. In this approach, customer needs and wants are often solicited via verbal or
written interviews. For a completely new product, this approach is problematic,
because describing a concept-level product to customers is difficult, and it is
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equally difficult for customers to fully understand a new product’s potential
advantages or disadvantages.
Furthermore, if the product is the result of radical innovation, customers may not
even be able to articulate what their specific needs might be [87]. This problem
can be alleviated by developing real-time simulation-driven processes, see example
in Figure 2.1, which can be accomplished, in practice, by developing a toolset
that gives multiple stakeholders access to machine research and development,
production planning, and customer services via virtual worksites that can provide
fully configurable, real-time, virtual prototyping. To this end, it is critical to
employ server-based virtual environments.
With a server-based virtual environment, any number of stakeholders can simulta-
neously work with the virtual machine. The environment also makes it possible
to set up and modify included models. All in all, these processes can function as
tools for open innovation and crowd-sourcing [43].

Figure 2.1. Role of digital tools in product development process.

2.2 Main prerequisites for DBE in manufacturing

The Business Ecosystem (BE) is obviously a necessary layer in a DBE [116]. In
addition, the Digital Ecosystem (DE) is a second layer needed [116]. The DE layer
provides the digital technical capabilities that enable the development of a digital
business ecosystem in manufacturing. The presence of a digital ecosystem and
business ecosystem in manufacturing alone does not enable member cooperation
in a DBE. There must also be a Digital Platform (DP).
A DP is the technological infrastructure that enables the efficient development,
configuration, and delivery of advanced services [42, 106, 142]. Regarding the
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role of the DP in a DBE, [46] argued that not all digital platforms can become
industry wide. A digital platform must gain acceptance from the DBE members in
manufacturing. To earn this acceptance, the DP must (1) perform a function that
is essential to the broader technological system and (2) solve a business problem
for a significant percentage of firms and users in the manufacturing industry [46].
Openness of the platform, trust, and security are the main reasons for restricting
members to use the platform [124].
The digital platform of a DBE must have strong leadership in manufacturing.
The keystone company’s role is to ensure that each member of the DBE remains
in good health [24]. The digital platform owner must offer value to encourage
members to join the digital platform in manufacturing. A DP usually relies on
the technological leadership of the one or two firms that provide the platform
[126]. To ensure that a DBE does not fail at the onset, it should make it as
easy as possible for potential members to participate [27]. Finally, trust is one of
the most important prerequisites to building a successful DBE. Even if a system
has high-level technological features, lack of trustworthiness may be the highest
barrier to its success [139] in manufacturing. Table 2.1 itemizes the prerequisites
and gives a definition for each.

2.3 Main challenges for DBE in manufacturing

Digital platforms play a key role in a digital business ecosystem for manufacturing.
Launching a digital platform for the consumer industry faces a typical chicken-
and-egg hurdle [99]. In manufacturing, leaders and competitors in a DBE have to
navigate a complex landscape where both competition and collaboration occur.
This is a new landscape for traditional manufacturing, and it brings new challenges
and threats. There are multiple ways to structure digital platforms. DP success
or failure depends in the long run on its capability to implement a feasible layered
modular architecture for other members [93]. [41] recognized that DP leaders
must commit to equitably sharing profits with the other DP members. Squeezing
from complementary members negatively affects DP growth. DP leaders should
encourage external content providers to stimulate growth and contribute to the
platform’s success [45, 53, 141].
A robust DBE comprises many manufacturing companies and members. Unlike
standalone corporations, digital business ecosystems are not hierarchically con-
trolled [62]. A winner-take-all situation is more likely in a DBE, when networks
are positive and strong, multihoming to other networks is expensive, and there
are no differentiation opportunities in manufacturing [35]. The challenge is how to
maximize external innovation with the greatest amount of multi-sided benefits and
trust. However, the data that drives manufacturing processes and the enterprise
are sensitive, which causes a series of data problems such as data fusion, data
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Table 2.1. Prerequisites for a digital business ecosystem in manufacturing [119].

Prerequisites for DBE Definition References

1. Business ecosystem BE is one layer in a DBE [88, 89, 116, 62]

2. Digital ecosystem DE is one layer in a DBE [17]

3. Digital platform(s) DPs enable DBE members to enhance DBE
performance, innovate, collaborate, deliver
services and give vision to manufacturing
asset through DT

[85, 46, 42, 143,
106, 142, 78]

4. Digital platform ac-
ceptance from the DBE
members

Without acceptance by the members, DPs
are useless.

[46],

5. Members interacting
through DPs

Members active role needed in DPs to gain
benefits of DBE.

[2, 102, 127, 109,
124]

6. DP requires strong
leadership

Strong leadership increases the chance to
succeed and adapt to changes.

[61, 140, 24, 125,
51]

7. DP must offer value for
the members.

Increasing members value in DP will also
boost its adoption.

[137]

8. Easy access to DP
membership

A lower entry-point for members minimizes
expansion risks at all levels and layers.

[27]

9. Trust Trust can be the highest barrier to success
of DBE.

[139, 124]

synchronization, data calculation, data security, etc. [124]. Table 2.2 itemizes the
challenges and gives a definition for each.

2.4 Main benefits for DBE in manufacturing

In DBEs, a digital platform enables companies to innovatively discover different
kinds of new business opportunities, where charging fees can be earned by both
sides via transactions or advertising [34]. The value created by networks is
substantially greater than what an individual company can produce on its own
[2]. Physical machines become more valuable, when applications and services for
them are available, which can trigger positive feedback cycles [7]. The digital
platform and digital servitization are not only changing the way manufacturers
innovate products and services, they are also transforming how members create,
deliver, and capture customer value.
Combining more data and more DBE-platform members results in a greater
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Table 2.2. Challenges for DBE in manufacturing [119].

Challenges for DBE Definition References

1. Launching DP for a
successful DBE

The typical chicken-and-egg problem,
SM challenges, information integration,
costs, required effort to create DT

[40, 131, 132]

2. DBE is a new environment DBE is a new and complex landscape
with both competition and collabora-
tion.

[61, 115, 1]

3. DP (system) structure There are multiple ways to structure a
DP.

[143, 51, 93, 54, 23,
103]

4. Commitment to share
profits

Leader should not squeeze profits from
their developers.

[132]

5. DP Leadership There should be a balance of control
of and freedom for DP members.

[141, 53, 45]

6. DBE size comes with its
own challenges

A DBE comprises many companies
and members (compared to individual
company structure).

[62, 25, 97, 113, 73,
67]

7. Winner-take-all situation The DP owner plays a monopoly role
in its industry.

[145]

8. Building trust Member trust in data, systems, and
sharing the benefits with high expecta-
tions

[139, 124, 103, 82,
5, 71, 104]

potential for boosting innovation, competition, and productivity over a wide range
of fields [21, 4]. The data availability also improves decision-making processes
[112, 78], new product development [120], and customer relationships [21, 29,
81]. As manufacturing becomes more digital and openness allows stakeholders
to better manage and capture data, more innovative ideas will come from
outside the company [36, 47] providing incremental and radical service innovation
opportunities [66, 90]. Digital platform members tend to share a common belief in
the aims of the platform, and member performance is tied to overall performance
of the business ecosystem [61]. A healthy DBE can be a barrier to entry for rival
technologies [48], and it can entice new members to join.

Continuous progress results in a need for new technologies and innovations, which
consequently results in the need for new kinds of resources [93] in manufacturing.
A single company does not possess all the resources and knowledge needed to
explore and continuously exploit changing markets. International new ventures
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are disrupting existing ecosystems, radically changing existing business models,
and reshaping industry structures [39, 100]. Digital platform environments are an
opportunity for new ventures, but a threat to established DBE members.

In DBEs, digital platforms minimize the costs of searching for both seeking
services and service providers [51]. Companies are increasingly shifting from being
vertical silos towards becoming modular clusters. Why? Modularity provides more
opportunity to offer customers a product with specific options. In addition to
giving the customer a product that better meets his or her needs, in the long run,
the modularity lowers cost overall by restructuring for the entire manufacturing
industry. Table 2.3 itemizes the benefits and gives a definition for each.

Table 2.3. Benefits of DBE and definitions in manufacturing [119].

Benefits for DBE Definition References

1. New business opportuni-
ties

A DBE provides new business oppor-
tunities for its members.

[94, 34, 83, 68, 98]

2. Value co-creation Value is co-created with member co-
operation, and processes can improve
through data-driven evidence-based
practices.

[7, 89, 2, 3, 22, 117,
31, 78, 76, 28, 23,
121, 114, 79]

3. Innovation increase A company’s innovation capability is
strengthened by exposure to other
innovation types.

[52, 138, 29, 64, 56,
74, 58, 81, 20, 21,
26, 75, 47, 59, 112,
4, 120, 36, 90]

4. Gain competitive advan-
tage

A healthy DBE improves all members
and builds a barrier against rivals. It
can offer new dimensions to competi-
tive advantage.

[48, 61, 3, 129, 49,
78, 123, 107]

5. Resources and knowledge
increase

A DBE can fill key resource gaps. [61, 96, 93]

6. New venture potential The new venture potential arising from
a DBE is usually underestimated.

[57, 39, 100, 16, 93]

7. Cost and risk management DBE decreases overall costs and risks,
when there are members innovating
and offering solutions.

[34, 70, 80, 51]

8. Provides modularity to
fulfill customer needs

Modularity offers a greater opportunity
fulfill customer needs.

[12]
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Chapter 3
Technical tools and industrial case examples

This chapter presents a set of technical tools used to explore two example cases
of industrial simulation via multibody dynamic real-time simulation: a veneer
peeling lathe and the continuous veneer dryer process. Section 3.1 describes the
mathematics behind an efficient multibody dynamics approach. The Section 3.2
presents the technical tools and multibody approach used in the peeling lathe sim-
ulation case, and Section 3.3 describes the main methods used for the veneer dryer
process simulation case. Moreover, Section 3.4 briefly describes a photogrammetry
method that can be used to develop virtual environments for real-time simulators.

3.1 Multibody system dynamics

A numerically efficient multibody simulation model for a dynamic system that
consists of a relatively large number of bodies can be obtained using a semi-
recursive approach [30]. This section briefly highlights the semi-recursive approach
used for the peeling lathe co-simulation study.

Semi-recursive method

In recursive kinematics, the position, velocity, and acceleration of the intercon-
nected bodies are described in terms of a set of relative coordinates with a chain
or a tree-like system configuration. This set of coordinates is selected so they only
describe kinematically admissible displacements. Accordingly, in the description
of an open-loop system, constraint equations are avoided, and the equations of
motion comprise the same number of generalized coordinates as the number of
degrees of freedom n [6].

31



32 3 Technical tools and industrial case examples

When a recursive approach is applied to a closed loop system, it must be converted
into an open loop system. An open loop system is then returned back to a closed
loop system by imposing constraint conditions. Finally, these constraint conditions
can be integrated into the equations of motion using the method of Lagrange
multipliers, the penalty approach, the augmented Lagrangian method, or a method
based on coordinate partitioning.
One often-used global multibody approach is the augmented Lagrangian method.
When using this method, the equations of motion of a constrained system can be
written in terms of a set of generalized global coordinates q in the following form:

Mq̈ + ΦT
,qα

(
Φ̈ + 2ΩµΦ̇ + Ω2Φ

)
+ ΦT

,qλ = Q(q, q̇), (3.1)

where q̇ and q̈ are the generalized velocity and acceleration with respect to the
global coordinate system, respectively, M is mass matrix of the system, ΦT

,q is
the Jacobian of the constraint equations Φ(q(t)) with respect to the generalized
coordinates q, Q is a force vector that accounts for the externally applied forces
and the quadratic velocity vector, α, Ω µ are the penalty factors, λ is a vector
of Lagrangian multipliers which represent the reaction force components. The
constraints equations can be differentiated with respect to time as follows:

Φ̇ = Φ,qq̇ + Φ,t and Φ̈ = Φ,qq̈ + Φ,qtq̇ + Φ,tt. (3.2)

In this form of the augmented Lagrangian method, all the penalty terms related
to fictitious potential, dissipation, and kinetic energies are included in the method.
The classical augmented Lagrangian method has shown that error in the constraint
equations is minimized by iterating Lagrange’s multipliers. When this approach
is used to express the equations of motion, the generalized coordinates within
each time step can be iterated by updating Lagrange’s multipliers in the following
form:

(
M + ΦT

,qαΦ,q
)

q̈i+1 = Q − ΦT α
(
Φ,qtq̇i + Φ,tt + 2ΩµΦ,t + Ω2Φ

)
− ΦT

,qλ

(3.3a)

λi+1 = λi + α
(
Φ̈ + 2ΩµΦ̇ + Ω2Φ

)
, (3.3b)

where λi=1 = 0 for the first iteration indicates that the penalty terms only remain
active to compensate for the constraint violations during the first iteration. For
more details see [30].
The equations of motion represented in Equation (3.1) can be rewritten in terms
of a set of relative coordinates. To this end, the following velocity and acceleration
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vectors associated with the intermediate coordinate system of body j are defined
such that they initially coincide with the origin of the global coordinate system:

Zj =
[

ṡj

ωj

]
(3.4)

and
Żj =

[
s̈j

ω̇j ,

]
(3.5)

where ṡj is the velocity and s̈j is the acceleration of the intermediate coordinate
system of body j [44]. In Equations (3.4) and (3.5), ωj is an angular velocity
vector and, correspondingly, ω̇j is the angular acceleration vector with respect to
the global coordinates system. To be able to express the equations of motion by
employing the relative coordinates, it is important to find the relations between
the velocity and acceleration in the generalized coordinates used in Equation (3.1)
and those introduced in Equations (3.4) and (3.5). This can be accomplished as
follows:

q̇j =
[

ġj

ωj

]
=

[
I3×3 g̃j

03×3 I3×3

] [
ṡj

ωj

]
= DjZj , (3.6)

q̈j =
[

g̈j

ω̇j

]
=

[
I3×3 g̃j

03×3 I3×3

] [
s̈j

ω̇j

]
+

[
ω̃2

j gj

03×1

]
= DjŻj + ej (3.7)

where ġj and g̈j are the velocity and the acceleration, respectively, of the center of
the mass of body j with respect to the global coordinate system, I is the identity
matrix, g̃j and ω̃j are the skew-symmetric matrices corresponding to vectors gj

and ωj . Using Equations (3.6) and (3.7), matrix Dj and vector ej can be defined
for each body of the system. Using matrix Dj and vector ej , mass matrix Mj

and the force vector Qj of body j can be re-expressed as

M̄j = DT
j MjDj , (3.8)

Q̄j = DT
j (Mjej − Qj). (3.9)

The relative velocity and acceleration associated with body j can be written in
the following form

Zj = Zj−1 + bj żj (3.10)
Żj = Żj−1 + bj z̈j + dj , (3.11)

where zj describes the relative coordinate(s) of body j (note that this is a scalar
for a body that is connected to a neighboring body by a revolute joint or a
translational joint) and bj and dj describe the type of joint.
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Assuming matrix R to be an orthogonal complement of the Jacobian matrix Φq
whose columns are the basis of the null-space of Φq, the following relationships
between the Cartesian velocities, accelerations and the relative ones can be
established:

Z = Rż (3.12)

Ż = Rz̈ + Ṙż, (3.13)

where R is the velocity transformation matrix that relates the relative coordinates
and generalized coordinates in Equations (3.4) and (3.5). The variation of power
of the system can be expressed with respect to Equations (3.6) and (3.7)(

M̄Ż − Q̄
)

· δZ = 0. (3.14)

Substituting Equation Equation (3.12) and Equation (3.13) into (3.14) and
considering that velocity variation is independent, the final form of equations of
motion can be written for an open loop system in the following form:

RT M̄Rz̈ = RT (Q − M̄Ṙż), (3.15)

where
M̄ = diag(M̄1, · · ·, M̄j) and Q̄ = [Q̄T

1 , · · ·, Q̄T
j ]T .

In the semi-recursive approach, the equations of motion for a closed loop system
can be derived by utilizing the cut-joint method and then accounting for the
associated constraints using the augmented Lagrangian method as explained
earlier and in [30, 44]. The augmented Lagrangian can be used in the same
manner as in the global method in Equation (3.3a):

(
M∗ + ΦT

,zαΦ,z
)

z̈i+1 = Q∗ − ΦT α
(
Φ,ztżi + Φ,tt + 2ΩµΦ,t + Ω2Φ

)
− ΦT

,zλ

(3.16a)

λi+1 = λi + α
(
Φ̈ + 2ΩµΦ̇ + Ω2Φ

)
, (3.16b)

where M∗ = RT M̄R, Q∗ = RT (Q̄ − M̄Ṙż) and λi=1 = 0 for the first iteration
at the beginning of the simulation. The zero value for the initial guess indicates
that at the first iteration, the constraint equations are enforced with respect to
the pure penalty method, and with the rest of the iteration, the initial values for
the Lagrange multipliers are amended to a set of optimum values. Iteration can
begin using any other numerical values. That, however, might lead to an extended
iteration process at the beginning of the simulation. The initial guess, λi=1 = 0,
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is only used once in the beginning of the simulation. The equation of motion can
be integrated with respect to time using the explicit fourth-order Runge-Kutta
method similarly to the global methods case.
The force vector contribution in the general form of equations of motion (3.16)
can be more explicitly described in terms of components of Q̄ and analogous to
Equations (3.9) and (3.15) as follows:

Q̄ = F̄ext + F̄int + F̄con (3.17)

where:
F̄con =

[
· · ·, F̄j,con, F̄j+1,con,···

]
(3.18)

in which F̄j,con and F̄j+1,con are the vectors of contact forces (contact related
action–reaction of the normal and frictional fields), i.e., between the wooden log
and the cutting blade, F̄ext contains the components of the vector of external
forces, i.e., the surface forces exerted by the support rollers, and F̄int is the vector
of internal force, i.e., in the flexible wooden log.

3.2 Veneer peeling lathe example

The veneer peeling lathe is a machine that produces veneer to make plywood and
Laminated Veneer Lumber (LVL). It can also be used as a covering surface for
other panels or boards. The basic principle of the rotary peeling process has been
established for decades. In the peeling process, the wood log is revolved using
spindles or rollers as a cutting blade cuts inwards from the outer surface of the
log.
The peeling process involves more than just cutting away the veneer, as shown in
Figure 3.1. First, a linear feeder conveys logs from a log pile into a step feeder after
which the logs are fed, one by one, into a centering device working in conjunction
with an X − Y block charger that rotates the log and measures its geometry with
laser scanners. Then, the rotational center is optimized using an algorithm. In
most cases, the main parameter for this optimization is maximized veneer recovery
from the log.
Following the centering procedure, transfer arms move the centered log accurately
to the lathe to be peeled. During peeling, the veneer cutting zone is supported
by a pressure nose bar, which can either be a fixed bar or a roller, to ensure a
continuous veneer mat (chip) [128]. Veneer qualities that can be affected by the
nose-bar are surface smoothness, cracking, and thickness fluctuation. To achieve
uniform thickness of the veneer along the length of the log during peeling, support
rollers support it on its side opposite the blade. The produced veneer mat is then
transferred down the line by a conveyor for further processing.
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Figure 3.1. Veneer peeling lathe.

Co-simulation of Multibody model of veneer peeling lathe

The peeling lathe was implemented as a co-simulation model with lathe mechanics,
actuators, and sensors modeled in Mevea software. A separate model was made
for the peeling process written in Julia. Real PLC hardware that is used to control
actual lathes was connected to the lathe MBD model via an I/O interface that
uses a TCP/IP socket connection to transfer data between the PLC and lathe
model. Similarly, a TCP/IP socket interface was used to transfer data between
the lathe MBD and the peeling process models enabling the co-simulation of
lathe mechanics and the forces arising from peeling a log. A schematic of the
co-simulation and control model is seen in Figure 3.2.

Figure 3.2. Co-simulation model structure and interface of the PLC control system [37].
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The lathe was controlled by the PLC, which sends position and velocity-based
targets to the PID controllers that drive the actuators responsible for moving the
different lathe components. Feedback from the lathe to the PLC consists of lathe
component positions and whether a move target was reached or not and feedback
from the virtual sensors implemented in the MBD model, for example the laser
scanners used by the pre-centering unit to scan the log shape.

To begin peeling, a log arrives at the main lathe spindles. Its location and
orientation is sent to the process model along with the world locations of the
support rollers, main spindles, and peeling knife. In the process model, log
orientation is synchronized to the read location and then updated based on spindle
rotation throughout the peeling step. The locations of the support rollers, peeling
knife, and spindles are continuously updated from the MBD model. In addition
to calculating the cutting force using Atkins’ equations, the peeling process model
handles collision detection and handling between the log and support rollers and
peeling knife. The procedure mentioned above is briefly illustrated by Figure 3.3.
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Figure 3.3. Flowchart of the steps of the proposed co-simulation procedure [37].

Contact description in peeling process model

In the simulation procedure, the contact detection task between the log and
the peeling tool of the lathe is accomplished in the peeling process model using
position and orientation information. Due to the irregular shape of the log, see
Figure 3.4, the log comes into contact with the peeling tool at multiple locations.
The contact constraints between the log and neighboring bodies are enforced
using the penalty method as explained in [32]. Friction between contact pairs is in
turn modeled using the LuGre dynamic friction model [95]. The time integration
associated with LuGre friction is accomplished outside of the equations of motion.
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In this study, the peeling forces were computed using fracture mechanics based
off the cut by shear equations introduced in [8].

Support rollers

Wooden log

Spindle Body coordinate system

Figure 3.4. A schematic view of a raw log under peeling process [37].

Figure 3.5. A simple representation of the contact detection task [37].
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Algorithm 1 Contact detection algorithm to check if the contact points candidates
are inside of the cylinder shown in Figure 3.5
1: if 0 < d < ||u||2 then ▷ The contact point candidate is located between the cylinder caps
2: if ||q||2 < r2

cyl then ▷ The contact point candidate is inside the cylinder
3: The gap function (penetration due to contact) is given by Equation (3.22).
4: end if
5: end if

Contact detection between the log, the support rollers, and the roller nose bar
was accomplished using a point-in-cylinder procedure. In this study, the rollers
and the nose bar were modeled as cylinders. A vector between two ends of a roller
is denoted u, and correspondingly, a length of the roller can be obtained as ||u||2.
A contact event between a cylinder and arbitrary point p can be detected using
Algorithm 1. First, a vector carrying the cylinder cap end Oa to point p denoted
v was defined according to Figure 3.5. Determining if the point p lies between log
end caps Oa and Ob can be checked using the following equation:

0 < d < ||u||2, (3.19)
where

d = u · v. (3.20)
Correspondingly, point p lies within the cylinder radius if ||q||2 < r2

cyl where

||q||2 = v · v − d2

||u||2
. (3.21)

The contact interpenetration di can be now calculated as follows:

di =
√

r2
cyl − ||qi||

2, (3.22)

where subscript i denotes the current time step.

3.3 Veneer dryer example

Drying is a crucial step in veneer production aimed at producing optimal product
moisture content veneers for further processes. In the veneer dryer, veneers
are conveyed horizontally through connected chambers where hot air is blown
transversely across them. The optimal drying process is dynamically maintained
via the PID controllers, which manipulate opening rate of the damper lids, that
are connected to the sensors monitoring the air properties in the chambers of the
drying unit.
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The typical veneer dryer, shown in Figure 3.6, consists of a drying section,
comprising 16 drying cells, 2 smoke or sealant cells adjacent to the outer cells of
the drying section, and 3 sequential cells of cooling section. Convective evaporation
takes place in the drying cells, where radiator-heated air is blown continuously
across the veneer sheets. The outer drying cells of the drying section are connected
to the sealants or smoke cells. Leaving the second smoke cell, the veneer plates
pass through the cooling section for temperature conditioning before they can be
handled. Steam or oil can be used as the working fluid in the radiators. A typical
drying cell comprises a fan, a radiator, jet boxes, rollers, and an optional air inlet
and outlet, as shown in Figure 3.7.

Sealant cell

Veneers out
dry end

Veneers in
wet end

Exhausts

Cooling section

Sealant cell Air inlets

Drying part

Figure 3.6. Illustration of the veneer dryer unit [50].

Principles and modelling concepts of convective drying

The thermodynamics of the convective drying process are derived from the ideal
gas law. Dry air and water vapor coexist in a domain under ambient pressure as
the sum of partial pressures:

pair + pH2O = patm. (3.23)

Water molecules can diffuse into the surrounding air from the veneer surface.
The capacity of air to carry water vapor is limited by the atmospheric saturation
pressure (atm).

pH2O
sat = exp

(
A1
T

+ A2 + A3T + A4T 2 + A5T 3 + A6 ln T

)
, (3.24)
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Radiotor Air exhaust damper Air fan

Air inlet damper

Jet boxes, rollers
and veneers

Figure 3.7. Illustration of the main features of a drying cell [50].

where T is the temperature of the air, and A1...A6 are the empirical constants. An
increase in temperature leads to exponential growth of the saturation concentration
of the water vapor. The molar flux of moisture from a surface to air can be
expressed as follows:

MH2O = Avkg(pH2O
sat − pH2O), (3.25)

where Av is the contact area of veneer in m2, kg is the convective mass transfer
coefficient in m/s [136]. Conversion of the molar flux into the mass flux results in
the following expression

ṁH2O = AvMH2Okg(cH2O
sat − cH2O), (3.26)

where MH2O is the molar mass of water in kg/kmol, and c is the concentration
of air water vapour in kmol/m3.

The convective mass transfer coefficient describes the transport efficiency of the
moisture from the surface to air, and it depends on the flow regime over the
surface and water molecule diffusion. This can be correlated with Reynolds
and Schmidt dimensionless numbers corresponding to convection viscosity and
viscosity diffusion, respectively, of wood species. The convective mass transfer rate
of moisture from a flat plate can be obtained from the experimental correlation:
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kg = ARe1/2Sc1/3, (3.27)

where A is the empirical constant, 0.332 and 0.664 for laminar and turbulent
regimes, respectively [136].
The geometry of the surface and the surrounding structures greatly affect the
mass transfer coefficient. For simplified cases of flat or cylindrical surfaces in
open space, the constants are sufficiently accurate. With complicated structures,
however, such as the perforated jet boxes in the dryer in Figure 3.8, computational
fluid dynamics (CFD) analysis can provide more accurate values [63].

Figure 3.8. Illustration of the veneer conveying structures on the left and jet boxes on
the right [50].

Higher air temperatures increase saturation concentration and, therefore, moisture
capacity, which promotes higher drying rate. Diffusion of moisture through the
veneer layers lowers the veneer surface drying rate. In practice, the diffusion
time scale is small, because the veneer sheets are thin, and because the moisture
migrates from the middle of the sheets in both directions towards the veneer
surfaces. Temperature affects moisture diffusion in veneer fibers and can be
described theoretically by Fick’s Law of diffusion or empirically. Theoretical
assumptions can introduce bias. When a moist veneer plate enters the first drying
chamber moisture transport is increased due to convective heating during the
induction period until a constant drying rate is reached. A constant drying rate
is maintained until veneer humidity reaches a critical value and water diffusion
becomes the limiting factor of the drying process, as illustrated in Figure 3.9.
The reduction in drying rate continues until an equilibrium moisture content
is reached, at which point, drying stops. The moisture-driven limitation of the
constant drying rate can be measured experimentally under similar conditions.
The measured isotherm of the falling rate is normalized for modeling purposes.
The empirical approach is a consistent and a simpler alternative to a detailed
CFD simulation of moisture transport through the material.
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Figure 3.9. Normalisation of typical empirical drying rates as a function of moisture on
the left and normalised quantities on the right [19].

Modelling continuous drying unit with MATLAB Simulink

The Simulink model was designed with the following assumptions and simplifica-
tions:

• The model excludes minor factors of influence

• the fan maintains a constant volumetric flow rate,

• the heating agent is at a constant temperature,

• the air stream is assumed to be perfectly mixed flow within sub-blocks,

• no temperature gradient profiles are considered in the veneer plates and
metal parts,

• heat exchange with the outer atmosphere is not modeled,

• the effect of veneer temperature on moisture diffusion is omitted, and

• fan sub-blocks are isolated from each other.

The MATLAB Simulink modeling environment takes a block-based approach
where the functional blocks are explicitly connected with the signal routes. The
overall view of the model built in Simulink follows the construction of the real
dryer as presented in Figure 3.10 The constituent elements are shown in Figure
3.11. The lines denote signals paths delivering values between the elements. The
composition of all the drying cells is identical.
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Figure 3.10. Architecture of the drying model in MATLAB Simulink [50].

Figure 3.11. The drying cell in Simulink [50].

3.4 Photogrammetry approach

This section introduces a procedure to construct a three-dimensional environment
using photogrammetry and graphical software. Photogrammetry uses contact-free
sensors, which makes it possible to build three-dimensional models of expensive,
fragile, toxic, or visible but inaccessible objects. It also makes it possible to
document the changes of an object or area, such as a building construction.
Photogrammetry suffers from a number of shortcomings such as sensitivity to
light conditions. The light source can be optimized for small objects, but in the
case of outdoor objects and environments, optimization of lighting conditions
remains a challenge.
A large number of images are needed to construct a three-dimensional model
with high precision. In general, to build an initial three-dimensional model of a
single object, a minimum of two planar images, with known offset, is necessary
[130]. Unmanned Aerial Vehicles (UAVs) offer a functional and affordable method
for taking thousands of images of a wide area (including tall structures such as
buildings) [18, 33]. Assisted by UAVs, photogrammetry can be extended to cover
areas in the scale of square kilometers. Figure 3.12 presents a procedure for using
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photogrammetry to construct a three-dimensional model of an area/object.

Figure 3.12. Overview of the photogrammetry procedure [86].

As Figure 3.12 illustrates, obtained images should be calibrated to calculate
the distance between the camera and the object [9]. In the figure, exterior
orientation means calculation of the exterior coordinates, which are the location
of the projection center and the rotation angles of the object with respect to the
considered global coordinate system. Surface modeling can be applied to the
object to visualize textures. In the final step, postprocessing is done to build a
three-dimensional model of the object.

To put it simply, photogrammetry makes it possible to build three-dimensional
models out of planar images. To this end, postprocessing software compares two
images taken of an object or area and recognizes identical points. See Figure 3.13.
“Overlapping” between images helps to simplify the identical point recognition
process and increases the quality of the object’s textures. In addition, “shape
matching” can be assisted to match corresponding points in two overlapping
images.

The shape matching technique comes in different varieties. One common technique
compares the shape of objects in two images without color consideration. This
simplifies the process and reduces computational time. By considering corre-
sponding points and the orientation of the cameras, the location of points in the
three-dimensional environment can be estimated.

Even though the photogrammetry approach is extensively used to generate virtual
realistic environments, it still faces some barriers and limitations. In most cases, the
geometry and exact location of the object under investigation should be estimated.
Transparent and dark colored objects, as well as tiny objects, pose challenges for
photogrammetry [144, 91, 38]. Furthermore, there are some limitations when
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Figure 3.13. Estimation of three-dimensional specifications of a vehicle by comparing
two planar images [86].

using photogrammetry and laser scanning procedures. Objects that are small,
shiny, and transparent cannot be accurately captured in photogrammetry and
laser scanning procedures. In addition, materials that absorb or diffuse the laser
beams are barriers to accurately collecting point cloud data during the laser
scanning procedure.



Chapter 4
Main numerical results of industrial case

examples

This chapter presents the main simulation results for the industrial simulation
example cases of a veneer peeling lathe and the process of a continuous veneer
dryer. Section 4.1 presents the main results from the peeling lathe simulation case.
Section 4.2 presents the main results from the veneer dryer process simulation
case.

4.1 Veneer peeling lathe

Despite the existing limitations in the definition of the real-time model the
introduced approach is able to predict the behavior of the lathe within a reasonable
accuracy. To gain insight into the accuracy of the introduced real-time model and
to investigate the possible discrepancies between the experimentally measured
model and the simulated model in real-time, the following comparisons and
discussions elaborate the findings.

Figure 4.1 shows both the measured and calculated cutting blade (knife) distances
from the peeling center over the simulation duration. As can be seen from the
figure, regardless of the starting point, both the simulated and the measured
results are almost coincident until t=21 s. At 21 s, the calculated distance begins
to rapidly increase. 1.5 to 2 s later, the measured distance also begins to increase
at a similar rate. At the end of the simulation, the calculated knife distance is
about 70 mm greater than the measured distance.

Figure 4.2 displays the output power measured against the values resulting from
the simulation. As expected, the measurement recorded a considerable jump in
power at about 1 s. This can be explained with reference to Figure 4.1 where the
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cutting knife in the measured model recorded a sudden, significant displacement.
Figure 4.3 compares the measured input motor power of the actual machine with
that predicted by the simulation model.

Figure 4.1. Comparison of the cutting knife distance from the peeling center over
simulation and measurement operation time in the case of a dry run without a log [37].

Figure 4.2. Comparison of the power measured during operation against that obtained
within the simulation time in the case of a dry run without a log [37].



4.1 Veneer peeling lathe 49

Figure 4.3. Comparison of the lathe motor power measured during operation against
that obtained within time during log peeling process [37].

The differences seen between the simulated and measured data can be justified as
follows:

1. Log diameter differs between the measured and simulated run. The simulated
log had a maximum radius of around 150 mm, which can be seen in Figure 4.3
by the increase in required power. Measurement starts at around 120 mm
radius.

2. The lathe power cut off earlier in the measurement when compared to the
simulation. In a real lathe, the last part of the peeling is done with the
spindles retracted and the log is rotated only by the backup rolls and round
knife bar. In Figure 4.3, the moment the peeling enters the final stage and
the spindles are retracted, the motor power drops to zero as the spindles’
rotation is stopped. In the simulation, this last part is omitted and, instead,
the log is always held in place and rotated via the spindles.

3. Noise in measurement data. One possible reason for the differences is that
due to backup rolls and round knife bar increase the rotational torque, and
occasionally, the spindles have to slow down to keep the tangential velocity
at the set point.

4. The spike downwards in the measured lathe power at about 18 s in Figure
4.2 comes from the fact that a real lathe utilizes the electric motor for
braking, making it function as a generator during the slowing down of the
spindles’ rotation.
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4.2 Veneer dryer

This section presents the main results from the veneer dryer process simulation.
First, the most simplified simulation, without air flowing freely between cells,
was tested to limit the number of factors affecting the overall performance of
the drying chambers. In addition, all the inlet and outlet dampers operated
without PID controllers (fixed free parameters). The second simulation included
air transport between the drying chambers while the dampers worked as in the
previous simulation case. In the final case, the dryer worked in fully operative
mode with active dampers. The simulation results achieved at different initial
conditions are presented together for comparison purposes as presented in Table
4.1.

The dryer performance from startup to steady-state operation was simulated using
three sets or cases of operational conditions. The simulation results obtained
at different initial conditions are presented in Table 4.1. Drying rate curves for
various simulation scenarios are presented in Figure 4.4.

The veneer enters a drying cell with zero gas-veneer contact area at the start,
i.e., the moment the veneer sheets enter the drying chamber. This contact area
grows as the veneer is transported through the cell. The dynamic movement of
the transported veneer was modeled in the simulations, which resulted in inclined
vertical lines for the drying curves. As soon as the veneer reaches maximum
contact area, other limiting factors, such as the bearing capacity of the moist air
and the humidity of the veneer, become dominant.

Table 4.1. Operating conditions of the veneer dryer unit simulated using the MATLAB
model Cases [50].

Cases Drying chamber
connection

PID controller pa-
rameter, k−(1/2)

Active inlet
dampers

Active outlet
dampers

1 No 2 All All
2 Yes 2 All All
3 Yes 0.025 − 35 4, 6, 10, 12 2, 8, 14

Fully isolated drying cells have high air humidity, which limits the drying rate
in all the cells in Figure 4.6. Because air is able to flow freely between cells,
fresh air flux increases the moisture saturation concentration and improves drying
rate. Smart control of the inlet and outlet dampers preserves the balance more
efficiently, resulting in higher drying rates.

Figure 4.5 presents the gas temperature at the fan sub-block. Pressure grows
rapidly in an isolated cell as the temperature rises, pushing the outlet damper lid
into the open position to let the air out. The outlet damper lid position affects
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Figure 4.4. Simulation results for the drying rate in drying cells in three different
simulation scenarios (cases 1-3) - The drying rate of the first drying cell chamber is
plotted with red dashes, the last chamber with black dashes and the other chambers with
blue lines [50].

air humidity, which in turn influences drying rate. Reduced density gas carries
less energy, which results in the temperature drop of air into the cells in case
1. As the Figure 4.5 illustrates, the outer drying cells 1 and 16 have lower air
temperatures due to the connections with the smoke cells. The energy balance
between convective heat transfer from gas to veneer and evaporation of water
explains the plateau in the temperature of the veneer seen in cells 6 - 12.

Figure 4.5. Simulation results for air temperature at the fan sub-block in the drying
cells in three different simulation scenarios (cases 1-3) - The air temperature in the first
drying cell chamber is plotted with red dashes, the last chamber with black dashes and
the other chambers with blue lines [50].
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Figure 4.6. Simulation results for air humidity in the dryer sub-block in drying cells in
three different simulation scenarios (cases 1-3) - The drying rate of the first drying cell
chamber is plotted with red dashes, the last chamber with black dashes and the other
chambers with blue lines [50].



Chapter 5
Conclusions

The original goal of this dissertation was to present how the simulation is utilized
in manufacturing in real life. Accordingly, the research problem was formatted
"How is simulation best developed and utilized in manufacturing?". Overall, it
seems that all publications presented are focused on the set research problem.

This dissertation has presented two valuable real-life case examples of how physics-
based simulation can be utilized to address the needs of the manufacturing industry.
In Publication I, an industrial case example study of a veneer peeling lathe was
presented. The introduced simulator predicted the general behaviors of the actual
peeling lathe with calculated parameter values that were similar if not identical to
the measurement data taken from an actual peeling lathe. The presented results
are sufficiently accurate to be used as a product development tool. Furthermore,
the introduced simulator can be used to teach lathe operators how to operate the
peeling lathe and how to more easily solve special cases.

Additionally, In Publication II the second industrial case example simulation
study presented was about the veneer dryer process. The dynamic simulator for
a continuous veneer dryer was built using the computational tools of MATLAB
Simulink. The tested model gave adequate results that obeyed the physical
principles of thermodynamics. The validated model seems to be useful for
optimizing the process of convective drying for the veneer sheets. Therefore,
it seems that Research Question 1: "How is physics-based simulation best used to
benefit the development of veneer production machinery?" was answered.

Research Question 2 was set “How can authentic VR environments for physics-
based real-time simulators be produced?” In answer, Publication III presents a
procedure for generating a three-dimensional environment based on a photogram-
metry approach. The study shows that by taking a photogrammetry-based
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approach, it is possible to generate environments that exist in the real world.
Furthermore, the graphical software can be connected to the simulation software,
which makes it possible to operate physics-based simulation models in their real
environments.

In addition to the technical contributions, this dissertation was also aiming to study
the business perspectives of real-time simulation and digitalization in relation
to manufacturing. Research Question 3 was “How might real-time physics-based
simulation change business models in manufacturing?”.

To answer RQ3, Publication IV studied company value chains and business models
in relation to value creation with real-time simulation. Its findings verify that real-
time simulation clearly offers advantages. Simulations can lead to higher success
rates for new product launches as well as cost savings. However, a successful R&D
operation and product development model based on real-time simulation requires
manufacturers to upgrade their capabilities. For example, they must bring on new
skills to manage various stakeholders. Required marketing capabilities may also
relate to the product development processes, for instance, by which firms develop
and manage product and service offerings and market information management.
In addition, Publication V presented five future trends for DBEs in manufacturing
as candidates for further research.

1. DBE environments are increasingly being pushed by technology leaders in
the manufacturing industry,

2. Because there are several technology leaders in manufacturing reluctant to
work with competitors, production factories will soon be presented with
multiple digital twins,

3. To maximize the full potential of DBE and to avoid the service and
digitalization paradox, the technology leader should open its business to
other ecosystem members,

4. New ventures will positively impact the DBE in manufacturing,

5. A digital platform can establish two- and multisided markets and fuel the
next round of innovations and value co-creation in manufacturing.

Answers have been provided to all the targeted research questions. The dissertation
has shared state of art research from an industrial point of view while combining
publications from the development of industrial scale simulators and publications
with business perspectives.
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ABSTRACT
This paper introduces a real-time co-simulation model for the prediction of the dynamics behavior 
of a veneer peeling lathe machine. The real-time co-simulation model introduced is described in 
the framework of multi-body system dynamics. It makes use of a co-simulation procedure in which 
a semi-recursive multi-body approach is combined with a detailed contact description. In the 
employed closed-loop semi-recursive method, the constraint conditions are carried out in the 
system motion differential equations via the augmented Lagrangian method. A contact procedure 
is presented to describe the contact between the wooden log and the cutting blade and the 
support rollers. The results obtained by the co-simulation are compared against those experimen-
tally measured through a peeling lathe machine in operation and an approximate finite element 
model of the peeling process. According to the numerical results, it is concluded that the real-time 
simulation model can predict dynamic performance of the complicated system of a veneer peeling 
lathe in real-time. Solvability of equations of motion makes the introduced model suitable to be 
utilized in a number of product process purposes such as marketing, training and product 
development projects.
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1. Introduction

Modern multi-body simulation techniques have 
enabled the precise description of complex mechan-
ical systems such as vehicles and rotating machines. 
In many applications, a solution of the relevant equa-
tions of motion can be synchronized into real-time. 
This capability has been available for more than three 
decades de Jalón and Bayo (1994). The capability of 
real-time simulation has been applied to a number of 
applications including user training Baharudin et al. 
(2014), maintenance applications Korkealaakso 
(2009), marketing and product development Jaiswal 
et al. (2019). These multi-body-based approaches can 
be combined with the models of actuators enabling 
the description of multi-physical systems Rahikainen 
et al. (2018).

Multi-body approaches can be categorized 
based on the generalized coordinates used in the 
description of kinematics. In the global approaches, 
the set of coordinates that define absolute transla-
tions and rotations of each body of the system are 
employed. It is worth noting that in the global 
methods the set of generalized coordinates are 
not affected by constraints as they are accounted 

for by a separate vector of constraints. This facil-
itates the implementation of the global methods, 
but mitigates the computational efficiency com-
pared to the topological approaches. As an alter-
native for the global approach, a system topology 
can be utilized in the description of kinematics. In 
these topological methods, relative coordinates 
between the bodies are used. For the open- and 
closed-loop systems, the use of relative coordinates 
leads to a computationally powerful procedure of 
semi-recursive formulation. To take advantage of 
both methods, Cuadrado et al. (2004) introduced 
a hybrid formulation composed of the penalty 
method as an efficient global approach and the 
semi-recursive formulation. They examined the 
proposed method in the simulation of a car and 
made a comparison against the predecessor for-
mulations from the global and topological 
categories.

Wood is regarded as a highly anisotropic material 
with a considerable moisture content. This indicates 
that in addition to the ductile behavior under com-
pression, wood is prone to experience two-fracture 
modes simultaneously when undergoing normal and 
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shear deformations. Therefore, establishing 
a sufficiently accurate relationship between the 
damage of the wood material model and its effective 
elastic properties is a critical and complicated task. 
Moreover, description of a fracture model for the 
prediction of the peeling process requires experimen-
tal measurement of a number of stress-based failure 
criteria, also known as damage initiation functions 
Matzenmiller, Lubliner, and Taylor (1995); Orlowski 
et al. (2013). In the simulation of an orthogonal cut-
ting process in woodworking application, wood 
should be modeled as an anisotropic elastic-plastic 
material in which separation of two surfaces releases 
an amount of energy that is known as the material’s 
fracture toughness. It should be recalled that in the 
orthogonal cutting, the cutting blade is perpendicular 
to the direction of motion and the depth of cut corre-
sponds to the feed (i.e. uncut chip thickness) 
Merchant (1945). This is in contrast to the oblique 
cutting process in which the cutting blade is at an 
oblique angle to the direction of motion. It should not 
be confused with the tangential cutting force that 
implies on the tangential component of the cutting 
force applied from the cutting blade. Nairn (2015) 
modeled the orthogonal cutting with a particular 
emphasis on material behavior Sulsky, Chen, and 
Schreyer (1994). In the developed approach, the cut-
ting patch (pre-defined crack) was characterized 
based on the cohesive zone model Needleman 
(1987). Subsequently, in Nairn (2016), it was demon-
strated that the cutting force in steady-state regime 
remains constant and can be characterized as 
a function of a variety of variables. Atkins (2003) 
showed that the shear plane angle and, consequently, 
the cutting force depends on the material, the cutting 
blade rake angle and the depth of cut. This cutting 
force was later used by Atkins (2005) to determine the 
fracture toughness and shear yield strength in a wide 
range of materials including wood and polymers.

In this paper, the tangential cutting force is 
described according to the Atkins model Atkins 
(2003) and is incorporated into the system equations 
of motion in the framework of rigid multi-body 
dynamics. The use of the rigid multi-body and the 
closed-loop semi-recursive formulation, in particular, 
as the underlying formulation for the description of 
the dynamics of the peeling process has computa-
tional merits. This mainly stems from considerably 
fewer number of degrees-of-freedom to be solved 

with the employed multi-body system approach. 
This is particularly the case when comparing the semi- 
recursive multi-body approach against other multi- 
body formulations or the finite element methods. 
The other important motivation to bias the presented 
approach against the finite element model of the 
peeling lathe system is the computational effort 
required to model the contact between the wood 
and the cutting blade under the plastic deformation 
and material removal. In the case of the finite element 
approach, some possible sources of instabilities such 
as non-physical vibration, non-converged solution or 
the large number of the demanded Newton’s itera-
tions, and extremely small time step that arise from 
the long-run contact-related elastic-plastic deforma-
tion may take place. These limitations would affect 
the capability of the simulated model in real-time 
which is the main objective of the presented real- 
time to provide an efficient and robust tool for the 
purpose of marketing and product development.

In the three-dimensional finite element model of 
the peeling process, the variation of the orthogonal 
cutting force exerted from the cutting blade’s edge in 
terms of the varying rake angles and peeling veloci-
ties were investigated while the fracture model is 
based on the traction-separation behaviour using 
a cohesive zone element Needleman (1987). 
Speaking of orthogonal cutting process, the effect of 
the cutting speed intervals on the stress residuals in 
a cutting tool is studied by Aydın (2017) using a two- 
dimensional finite element model. Furthermore, they 
introduced a finite element-based approach with 
a displacement-based failure criterion in Aydın and 
Köklü (2020) and with a Arbitrary Eulerian Lagrangian 
(ALE) scheme in Aydın and Köklü (2017) to predict the 
cutting force in the high-speed milling of metal alloys. 
On the contrary to Aydın and Köklü (2017); Aydın 
(2017); Aydın and Köklü (2020), the finite element 
model presented in this work is using a predefined 
crack based on a cohesive zone model to simulate 
peeling process and the calculation of the orthogonal 
cutting force.

The simulator introduced in this paper consists of 
a multi-body system dynamics model of a peeling 
lathe, a process model, PLC control systems and an 
authentic operator’s work bench with controls. The 
multi-body system dynamics model was described 
using a semi-recursive approach in which the kine-
matics of the system is described using relative joint 
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coordinates. In this study, cut-joints that are needed 
to handle a closed-loop system were accounted for 
using an augmented approach. In the operation of 
a peeling lathe, the contact between the wood and 
the blade is critical. To address this, the paper also 
introduces a novel contact modeling approach tai-
lored to analyze the lathe operation. The contact 
model introduced is implemented in the Julia pro-
gramming language coupled with multi-body simula-
tion using a co-simulation on the Mevea platform 
Moisio et al. (2013). The contact detection algorithm 
made use of measured geometries from the real logs. 
The contact model used was based on the penalty 
forces and friction associated with the contacts was 
described according to a LuGre friction model. As will 
be shown in this paper, the real-time model of a lathe 
can be used in a number of different product pro-
cesses such as in product development, service busi-
ness and marketing.

The novelties of the paper and contribution to 
knowledge of this work are succinctly listed as 
follows:

● Proposing a co-simulation-based solution proce-
dure for a veneer peeling process using an 
approximated multibody approach in conjunc-
tion with the Atkins cutting force description. 
The co-simulation procedure is detailed in 
Section 3.1.

● Comparison of accuracy and robustness of 
a simple description of the Atkins orthogonal 
force model against a finite element model of 
the veneer peeling process. This is presented in 
Section 4.1.

● Verification of the proposed simulation proce-
dure of the veneer peeling process by comparing 
the output quantities and particularly the cutting 
force, respectively, against an experimental mea-
surement and a finite element model. Section 5 is 
allocated to discuss over verification of the co- 
simulation.

The remainder of this study is of the following 
organization: Section 2 briefly reviews the semi- 
recursive multi-body approach initially studied in de 
Jalón and Bayo (1994) and the contributing the equa-
tions of motion which will be used in the application 
of the veneer peeling lathe that is presented in detail 

in Section 3. In Section 3, the crucial terms contribut-
ing to the veneer lathe’s equations of motion, i.e. the 
contact-related terms are explained in the framework 
of the Atkins model Atkins (2003). Section 4 details 
the co-simulation procedure of the veneer lathe 
machine with its environment implementation and 
a number of output parameters are plotted to verify 
the robustness of the simulated model by comparing 
against the real-world veneer lathe machine and 
a finite element description of the peeling process.

2. Multi-body system dynamics

A numerically efficient multi-body simulation model 
for a dynamic system that consists of a relatively large 
number of bodies can be obtained using a semi- 
recursive approach de Jalón and Bayo (1994); Avello 
et al. (1993); de Jalón et al. (2005). This Section briefly 
highlights the approach used.

2.1. Semi-recursive method

In recursive kinematics, the position, velocity and 
acceleration of the interconnected bodies are 
described in terms of a set of relative coordinates by 
utilizing a chain or a tree-like configuration of the 
system. This set of coordinates are selected such 
that they only describe kinematically admissible dis-
placements. Accordingly, in the description of an 
open-loop system, the constraint equations are 
avoided and the equations of motion consist of the 
same number of generalized coordinates as the num-
ber of degrees-of-freedom n Anderson (1992).

When a recursive approach is applied to a closed- 
loop system, it must be converted into an open-loop 
system. An open loop system is then returned back to 
a closed-loop system by imposing constraint condi-
tions. Finally, these constraint conditions can be 
implemented into the equations of motion by 
employing approaches such as the method of 
Lagrange multipliers, penalty method, augmented 
Lagrangian method or the method based on coordi-
nates partitioning.

One often-used global multi-body approach is the 
augmented Lagrangian method. When using this 
method, the equations of motion of a constrained 
system can be written in terms of a set of generalized 
global coordinates q in the following form: 
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M€qþΦT
;qαð€Φþ 2Ωμ _Φþ Ω2ΦÞ þΦT

;qλ ¼ Qðq; _qÞ;

(1) 

where _q and €q are the generalized velocity and accel-
eration with respect to the global coordinate system, 
respectively, M is mass matrix of the system, Φ T

;q is the 
Jacobian of the constraint equations Φ q tð Þð Þ with 
respect to the generalized coordinates q, Q is a force 
vector that accounts for the externally applied forces 
and the quadratic velocity vector, α, Ω and μ are the 
penalty factors, λ is a vector of Lagrangian multipliers, 
which represent the reaction force components. The 
constraint equations can be differentiated with 
respect to time as follows: 

_Φ ¼ Φ ;q _qþΦ ;t and €Φ ¼ Φ ;q €qþΦ ;qt _qþΦ ;tt:

(2) 

In this form of the augmented Lagrangian method, all 
the penalty terms related to fictitious potential, dis-
sipation and kinetic energies are included in the 
method. As it is known from the classical augmented 
Lagrangian method, the error in the constraints equa-
tions is minimized by iterating Lagrange’s multipliers. 
When this approach is used to express the equations 
of motion, the generalized coordinates within each 
time step can be iterated by updating Lagrange’s 
multipliers in the following form: 

MþΦ T
;q αΦ ;q

� �
€q iþ1 ¼ Q � Φ T α Φ ;q t _qi þΦ;tt

�

þ2Ωμ Φ ;t þ Ω2ΦÞ � ΦT
;q λ

(3a) 

λiþ1 ¼ λi þ α €Φþ 2Ωμ _Φþ Ω2Φ
� �

; (3b) 

where λi¼1 ¼ 0 for the first iteration indicates that the 
penalty terms only remain active to compensate for 
the constraint violations during the first iteration. For 
more details see de Jalón and Bayo (1994).

The equations of motion represented in Equation 1 
can be rewritten in terms of a set of relative coordi-
nates. To this end, the following velocity and accel-
eration vectors associated with the intermediate 
coordinate system of body j are defined such that 
they initially coincide with the origin of the global 
coordinate system: 

Zj ¼
_sj

ωj

� �

(4) 

and 

_Zj ¼
€sj
_ωj;

� �

(5) 

_sj is the velocity and €sj is the acceleration of the 
intermediate coordinate system of body j de Jalón 
et al. (2005). In Equations 4 and 5, ωj is an angular 
velocity vector and, correspondingly, _ωj is the angular 
acceleration vector with respect to the global coordi-
nate system. To be able to express the equations of 
motion by employing the relative coordinates, it is 
important to find the relations between the velocity 
and acceleration in the generalized coordinates used 
in Equation 1 and those introduced in Equations 4 
and 5. This can be accomplished as follows: 

_q j ¼
_gj

ωj

� �

¼
I3�3 ~g j

03�3 I3�3

� �
_sj

ωj

� �

¼ DjZj; (6) 

and  

€qj ¼
€gj
_ωj

� �

¼
I3�3 ~g j
03�3 I3�3

� �
€sj
_ωj

� �

þ
~ω2

j gj

03�1

� �

¼ Dj _Zj þ e j (7) 

where _gj and €gj are the velocity and the acceleration, 
respectively, of the center of the mass of body j with 
respect to the global coordinate system, I is the iden-
tity matrix, ~gj and ~ωj are the skew-symmetric matrices 
corresponding to vectors gj and ωj. Using Equations 6 
and 7, matrix Dj and vector ej can be defined for each 
body of the system. Using matrix Dj and vector ej, 
mass matrix Mj and the force vector Qj of body j can 
be re-expressed as 

�Mj ¼ DT
j MjDj; (8) 

and 

�Qj ¼ DT
j ðMjej � QjÞ: (9) 

The relative velocity and acceleration associated with 
body j can respectively be written in the following 
forms 

_Zj ¼ _Zj� 1 þ bj _zj (10) 

€Zj ¼ €Zj� 1 þ bj€zj þ dj; (11) 

where _zj and €zj respectively describe the relative velo-
city and acceleration of body j (note that this is 
a scalar for a body that is connected to 
a neighboring body by a revolute joint or 
a translational joint) and bj and dj describe the type 
of joint.
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Assuming matrix R to be an orthogonal comple-
ment of the Jacobian matrix Φq whose columns are 
the basis of the null-space of Φq , the following rela-
tionships between the Cartesian velocities, accelera-
tions and the relative ones can be established: 

_Z ¼ R _z (12) 

€Z ¼ R€zþ _R _z; (13) 

where R is the velocity transformation matrix that 
relates the relative coordinates and generalized coor-
dinates in Equations 4 and 5. The variation of power of 
the system can be expressed with respect to 
Equations 6 and 7.   

ð �M _Z � �QÞ � δ Z ¼ 0: (14) 

Substituting Equation 12 and Equation 13 into 
Equation 14 and taking into account that the relative 
variation of velocities are independent, the final form 
of the equations of motion can be written for an 
open-loop system in the form:

RT �MR€z ¼ RTð �Q � �M _R _zÞ; (15) 

where 

�M ¼ diagð �M1; � � �; �MjÞ and �Q ¼ ½ �QT
1; � � �;

�Q T
j �

T
:

In the semi-recursive approach, the equations of 
motion for a closed-loop system can be derived by 
utilizing the cut-joint method and then account for 
the associated constraints using the augmented 
Lagrangian method as explained earlier and in de 
Jalón and Bayo (1994); de Jalón et al. (2005). The 
augmented Lagrangian can be used in the same 
manner as in the global method in Equation 3a : 

M� þΦ T
;z αΦ ;z

� �
€z iþ1 ¼ Q� � ΦT α Φ;z t _z i þΦ ;tt þ 2Ωμ Φ;t

�

þΩ2ΦÞ � Φ T
;z λ (16a) 

λiþ1 ¼ λi þ α €Φþ 2Ωμ _Φþ Ω2 Φ
� �

; (16b) 

where M� ¼ RT �MR , Q� ¼ RTð�Q � �M _R _zÞ and λi¼1 ¼ 0 
for the first iteration at the beginning of the simula-
tion. It is worth recalling that the zero value for the 
initial guess indicates that at the first iteration, the 
constraint equations are enforced with respect to the 
pure penalty method, and with the rest of the itera-
tion, the initial values for the Lagrange multipliers are 
amended to a set of optimum values. Iterations can 

get started by any other numerical values. That, how-
ever, might lead to an extended iteration process at 
the beginning of the simulation. It is also important to 
note the initial guess λi¼1 ¼ 0 is only used once in the 
beginning of the simulation. The equations of motion 
can be integrated with respect to time using the 
explicit fourth-order Runge-Kutta method similar to 
the case in the global methods.

The force vector contribution in the general form 
of equations of motion 16 can be more explicitly 
described in terms of components of and analogous 
to Equations 9 and 15 as follows: 

�Q ¼ �Fext þ �F int þ �F con (17) 

where: 

�Fcon ¼ � � �; �Fj;con; �Fjþ1;con;���
� �

(18) 

in which �F j;con and �Fjþ1;con are the vector of contact 
forces (contact-related actionreaction of the normal 
and frictional fields) i.e. between the wooden log and 
the cutting blade and are anticipated to explain in 
detail in Section 3.4, �Fext contains the components of 
the vector of external forces, i.e. the surface forces 
exerted by the roller supports (nose-bar), and �Fint is 
the vector of internal force i.-e. in the flexible woo-
den log.

It should be emphasized that the rigid multi- 
body description of the veneer peeling lathe 
including all the related components (spindle, 
wooden log, support rollers and the connecting 
joints) are modeled and simulated in real-time 
using the Mevea software environment. To inves-
tigate the model-reality mismatch by virtue of the 
simplification made to approximate the real-word 
veneer lathe with a system of multi-rigid-body, 
a finite element model of the rotary peeling pro-
cess is introduced in Section 3 and is further 
studied in Section 4. In this way, robustness and 
reliability of the introduced approach to simulate 
the peeling process is investigated by comparison 
against the finite element model of the rotary 
peeling process, and also by comparing against 
the measurements by the available real-world 
veneer lathe. For this reason, a new set of para-
meters for description of the robustness and relia-
bility of the introduced approach (e.g. uncertainty 
or disturbance effects) are avoided introducing 
with the presented system equations of 
motion 16.
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3. Veneer peeling lathe

In this study, a veneer peeling lathe based on the multi- 
body system dynamics presented in Section 2 and the 
cutting force description presented in Section 3.4 is 
introduced. As the title implies, a veneer peeling lathe 
is a machine that produces veneer to make plywood 
and laminated veneer lumber (LVL) or to be used as 
a covering surface for other panels or boards. In the 
peeling process, the wood log is revolved by using 
spindles or rollers allowing the veneer to be cut from 
the outer surface of the log by means of a cutting blade.

The veneer qualities can be affected by the nose- 
bar are surface smoothness, cracking and thickness 
fluctuation. In addition, to achieve a uniform thick-
ness veneer to the log lengthwise, the log is sup-
ported on the opposite side of the blade during 
peeling by support rollers. The produced veneer mat 
is then transferred down the line by a conveyor on to 
further processes which are not included in this study.

Although the principle of peeling remains 
unchanged, the modern peeling lathes differ from the 
old ones. Modern lathes are larger in size and produce 
more capacity with better veneer quality and with less 
operators compared to the older machines. This has 
been accomplished through the use of automation 
and novel sensor technology. In addition to this, modern 
lathes are processing smaller size plantation logs more 
and more instead of the larger rain forests trees to cope 
with the change in climate and regulations. Moreover, 
the latest modern lathes are also equipped with elec-
trical actuators that are more energy efficient than older 
ones which are ran by hydraulic actuators. Annual up- 
times are also increased to maximize annual production 
capacity, and machines are wired and equipped with 
sensors for predictive maintenance purposes.

Research articles about veneer peeling are mainly 
focused on process studies about veneer quality or 
veneer recovery for some specific wood species with 
some specific sets of process parameters such as cor-
relation between force exerted from the cutting tool 
and the depth of cut Thibaut and Beauchêne (2004). 
A significant collection of works are reviewed by 
Thibaut, Denaud, and Collet (2016). The veneer peel-
ing lathe itself is studied in Xiong and Guo (2016) 
where the peeling knife movement is modeled and 
simulated. The study is focused on rotating angle, i.e. 
pitch angle, of the peeling knife and introduces 
a mathematical simulation model to describe it.

3.1. Co-simulation of multi-body model of veneer 
peeling lathe

In this section, a real-time model of a modern peeling 
lathe is described. The lathe consists of different compo-
nents, such as linear and step feeders, an XY- 
precentering unit, transfer arms and the main lathe 
responsible for peeling a log. The linear and step feeders 
are in front of the lathe and deliver a wooden log to the 
precentering unit, where the log shape is scanned using 
laser sensors. After scanning, the precentering unit cal-
culates the optimal position for the log in the lathe to 
maximize veneer production, precentering spindles 
then move to adjust the log position before transfer 
arms move the log from precentering unit to the lathe 
main spindles and peeling begins.

The peeling lathe is implemented as a co-simulation 
model where the lathe mechanics, actuators and sen-
sors are modelled in Mevea software, and a separate 
model was made for the peeling process written in Julia. 
Real PLC hardware that is used to control physical lathes 
is connected to the lathe MBD model via an I/O interface 
which uses TCP/IP socket connection to transfer data 
between the PLC and lathe model. Similarly, a TCP/IP 
socket interface is used to transfer data between the 
lathe MBD and the peeling process models enabling the 
co-simulation of lathe mechanics and the forces arising 
from peeling a log. A schematic of the co-simulation and 
control model is seen in Figure 1 and topology of the 
lathe mechanics can be seen in Figure 2. The lathe MBD 
model consists of 26 bodies and 130 constraints.

The lathe is controlled by the PLC, which sends posi-
tion and velocity-based targets to PID controllers that 
drive the actuators responsible for moving different 
lathe components. Feedback from the lathe to the PLC 
consists of lathe components’ positions and whether 
a move target was reached or not, as well as feedback 
from the virtual sensors implemented in the MBD 
model, for example the laser scanners used by the pre-
centering unit to scan the log shape. At the beginning of 
peeling, when a log arrives to the main lathe spindles, its 
location and orientation is sent to the process model 
along with world locations of the support rollers, main 
spindles and peeling knife. In the process model, the log 
orientation is synchronized to the read location and 
after that it is updated based on the spindles’ rotation 
until the end of the peeling. Locations of the support 
rollers, peeling knife and spindles are continuously 
updated from the MBD model. In addition to calculating 
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the cutting force using Atkins’ equations, the peeling 
process model handles collision detection and handling 
between the log and support rollers and peeling knife. 
The procedure mentioned above is briefly illustrated by 
Figure 3. The flowchart in Figure 3 aims to correlate the 
hardware schematically representing the co-simulation 
procedure of the peeling process in Figure 1 with the 
required steps and conditions explained in this subsec-
tion. It should be remarked that the co-simulation pro-
cedure (illustrated by Figures 1 and 3 is simply a solution 
to the problem of that Mevea software Mevea (2005– 
2020) was not able to handle both the peeling process 
and MBD model of the lathe.

3.2. Contact description in peeling process model

In the simulation procedure, the contact detection 
task between the log and the peeling tool of the 

lathe is accomplished in the peeling process model 
using position and orientation information. Due to 
the irregular shape of the log, see Figure 4, the log 
comes into contact with the peeling tool at multi-
ple locations. The contact constraints between the 
log and the neighboring bodies are enforced using 
the penalty method as explained in Drumwright 
(2008). Friction between contact pairs is in turn 
modeled using the LuGre dynamic friction model 
Olsson (1996). It is noteworthy to point out that 
the time integration associated with LuGre friction 
is accomplished outside of the equations of 
motion. In this study, the peeling forces are com-
puted using fracture mechanics-based off-cut by 
shear equations introduced in Atkins (2003). 
Details of the peeling force computing will be 
explained at a later Section. Figure 4 shows 
a schematic view of a log under peeling process.

Figure 1. Co-Simulation model structure and interface of the PLC control system.

Figure 2. Topology of the lathe model. The blue lines indicate translational joints between the bodies and, correspondingly, the 
rotational joints are shown by green lines.
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The log’s geometry for the purpose of real-time 
simulation is generated from the X � Y charger scan-
ner during peeling process in the production lines. 
The X � Y charger is a centering device that deter-
mines the optimal peeling center for logs in order to 
maximize veneer recovery/yield. The geometry data 
used in this study include natural asymmetric shapes 
such as logs with anisotropic cross-sections or devoid 
of straightness in the longitudinal direction. In the 
process model, the geometry of a log is defined as 
the points cloud. The points, in turn, are arranged into 
a set of 360 collocated points (one measurement 

point per degree of a full circle circumference) which 
determine the log’s circumference profile. The 
sequence of profiles in the log longitudinal direction 
characterizes the overall shape of log to be processed. 
In practice, the number of profiles can vary from a few 
up to full resolution of the scanner data. The accuracy 
of the log’s geometry affects the number of calcula-
tions that have to be accomplished in the process 
model. Accordingly, to ensure the real-time computa-
tion, the geometry description must be balanced with 
respect to the available CPU power. In the simulation 
model used, a hundred profiles (describing cross- 

Figure 4. A schematic view of a raw log under peeling process.

Figure 3. Flowchart of the steps of the proposed co-simulation procedure.
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sections along the longitudinal direction) are used to 
describe the log geometry. Due to the noise produced 
when processing with the raw data scanner, data 
preprocessing filters were implemented into the pro-
cess model to sanitize and to smooth out the geome-
try representation. Note that the noisy geometry data 
does not affect the determination of the optimal 
peeling center search, but makes the contact search 
task and peeling force calculation cumbersome.

3.3. Contact detection in peeling process model

Contact detection between the log, the support roll-
ers and the round knife-bar is accomplished using 
point-in-cylinder procedure. In this study, the rollers 
and the knife-bar are modeled as cylinders. A vector 
between two ends of a roller is denoted u and corre-
spondingly, a length of the roller can be obtained as 

uk k2. A contact event between a cylinder and arbi-
trary point p can be detected using Algorithm 1 . First, 
a vector carrying the cylinder cap end Oa to point p 
denoted v is defined according to Figure 5. Next, it 
can be checked if the point p lies between end caps 
Oa and Ob of the log using the following equation:

0< d< uk k2
; (19) 

where 

d ¼ u � v: (20) 

Correspondingly, point p lies within the cylinder 

radius if qk k2 < r2
cyl where 

qk k2
¼ v � v �

d2

uk k2 : (21) 

The contact interpenetration di can be now calculated 
as follows: 

di ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2
cyl � qik k

2
q

; (22) 

where subscript i denotes the current time step.

The peeling process is crucial in plywood and LVL 
production because the veneer quality determines 
a large part of the quality and properties of the plywood 
or LVL end products. It has been experimentally 
observed that the peeling process takes place at the 
border between off-cut formation by a shear plane and 
that by bending. This mechanism can be verified by 
lathe inspections in which there is an evident that the 
cracks are propagating from the surface almost perpen-
dicularly from the cutting direction into the veneer. If the 
cracks propagate through the whole thickness of the 
veneer, it would break into fragments. A nose-bar is 
used to compress the wood just before the tool edge 
to keep the peeling process mainly by shear cutting, and 
thus, inhibiting the formation of checking and cutting by 
bending Atkins (2009a); Thibaut and Beauchêne (2004). 
As the veneer is the end product from the peeling 
process and its quality plays a major role in the quality 
of the plywood and LVL product, it is important that the 
cutting is kept in the shear mode as much as possible.

3.4. Cutting force description in peeling process 
model

In this study, the cutting mode is restricted to an off- 
cut formation by shear. The cutting model is based on 

Algorithm 1. Contact detection algorithm to check if the contact points candidates are  
inside of the cylinder shown in Figure 5

Figure 5. A simple representation of the contact detection task.
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the single shear plane model introduced by Ernst and 
Merchant (1941), enhanced by including the work of 
formation of free surfaces as shown by Atkins (2003). 
Although the shear plane cutting model originated 
from metal cutting theory, the addition of material 
dependent parameters affecting the shear plane 
angle has allowed it to be generalized to other mate-
rials with differing properties. As an example, Wyeth 
has employed the Atkins’ model to Nylon 66 Wyeth 
(2007) and dry Douglas Wyeth, Goli, and Atkins (2009). 
Orlowski et al. (2013) have used the approach to 
predict the cutting forces for sawing of Pinus 
Sylvestris with sash gang saw, circular and band saw-
ing machines. In Figure 6, force equilibrium circle, 
parameters and speed diagram of Ernst-Merchant 
model are presented.

As shown in Figure 6, the resultant force FR is 
decomposed into components FC and Fv that are, 
respectively, tangential and normal (radial) to the 
tool motion path. In Figure 6, FC is also known as 
the orthogonal cutting force component and FSP is 
the cutting force within which the shear and plough-
ing mechanisms are included Junz Wang and Zheng 
(2002). Unlike Ernst-Merchant theory Ernst and 
Merchant (1941); Stephenson and Agapiou (2016) in 
which the force-balance equations were used, Atkins 
describes the cutting work-balance equation in 
steady state as follows: 

FCv ¼ τyγh0wv

þ FC sec βfr � αrð Þ sin βfrð Þ½ �v
sin ϕð Þ

cos ϕ � αrð Þ

þ Rwv; (23) 

where v is the cutting velocity, τy is shear yield 
strength, γ is the shear strain parallel to the shear 
plane, h0 is the depth of cut, w is the cut width, βfr is 
the friction angle, αr is the tool rake angle, ϕ is the 
shear plane angle and R is fracture toughness of the 
material which is per definition the specific work done 
when a new surface is formed. As it is evidenced by 
the work-balance Equation 23, on contrary to the 
Ernst & Merchant theory, the friction between at the 
cutting tool (blade) and the peeling surface taken into 
account. The three terms in the right hand side of 
Equation 23 describe in order: the work done by 
plastic deformation parallel to the shear plane, work 
of friction between the chip and the tool rake face and 
the work needed for the formation of new surfaces 
Atkins (2003). The shear strain parallel to the shear 
plane appeared in Equation 23 can be expressed as 

γε ¼
cosðαrÞ

cosðϕ � αrÞ sinðϕÞ
: (24) 

After substitution the shear strain (24) into 
Equation 23 , the resulting force-balance equation is 
of the following form: 

FC ¼ wτyh0
cosðβfr � αrÞ

sinðϕÞ cosðϕþβfr � αrÞ
1þ R cosðαr � ϕÞ sinðϕÞ

τy h0 cosðαrÞ

h i
:

(25) 

Equation 25 describes Ernst & Merchant’s force- 
balance equation in the case where the effect of 
fracture toughness is removed by setting R to be 
equal to zero Boothroyd (1988). According to 
Ernst and Merchant (1941), the shear plane angle 
ϕ changes during cutting such that the work pro-
vided by FCv is minimized. The shear plane angle 
can be found by differentiating Equation 25 with 
respect to ϕ and then solving for ϕ. The closed 
form solution for shear plane angle was intro-
duced by Williams Wyeth, Goli, and Atkins (2009) 
and is 

cot ϕð Þ ¼ tan βfr � αrð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 βfr � αrð Þ þ Z tan βfr � αrð Þ

p
; (26) 

where Z ¼ R
τy h0 

is a parameter which ties the shear 
plane angle to material-dependent properties and 
to the depth of cut Atkins (2009a). After the shear 
plane angle is solved, the force FC parallel to the 
tool path can be solved by rewriting Equation 
23 to get 

FC ¼
wτyγh0

Q
þ

Rw
Q
; (27) 

Figure 6. Cutting process forces based on Ernst-Merchant 
model.
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where Q is given by 

Q ¼ 1 �
sinðϕÞ sinðβfrÞ

cosðβfr � αrÞ cosðϕ � αrÞ
: (28) 

The shear force applying along the shear plane is 
given as follows: 

FS ¼ Fc cos ϕ � Fv sin ϕ; (29) 

where 

Fv ¼ FC tanðβfr � αrÞ (30) 

is the normal component of the force applied to the 
tool path. Thibault & Beauchene did an experimental 
analysis of wood mechanical properties during green 
wood peeling and found that the friction angle βfr is 
not highly dependent on cutting force values nor 
temperature of the wood, but cutting speed has 
a significant effect on it. There is, in fact, a linear 
relationship between friction angle and cutting 
speed in semi-logarithmic scale with a cutting speed 
range of 1 . . . 1000 mm/s. The friction angle roughly is 
the half of the cutting speed increases from 1 mm/s to 
1000 mm/s. This has such a large effect on the cutting 
process that it cannot be neglected from the model 
Thibaut and Beauchêne (2004). Accordingly, the 
change in friction angle can be approximated as 

βfr ¼ 28 logðvÞ � 4:667; (31) 

where the cutting velocity v is expressed in mm/s. It is 
noteworthy mentioning that the tangential cutting 
force Fc ; Fcon ¼ averageðFconÞ as introduced in 
Section 2.

3.5. Finite element model of peeling process

To provide a deeper insight into the tangential cut-
ting force Fc that is discussed in detail in the following 
section, a comparison is presented here between the 
tangential cutting force given on the basis of the 
Atkins model Atkins (2003) and one computed 
according to a finite element implementation of the 
peeling process in the veneer lathe machine. The 
cutting force description based on the Atkins model 
is to be compared against the quasi-static and 
dynamics analyses of the peeling process in a veneer 
lathe. In the finite element approach using commer-
cial finite element software ABAQUS, the crack propa-
gation during the peeling process is described based 
on the damage model using cohesive zone elements 

within a pre-defined crack path. The material descrip-
tion of the wood is based on the Saint Venant – 
Kirchhoff material model in the framework of the 
three-dimensional orthotropic elasticity.

4. Numerical results

This section is allocated to elaborate the peeling pro-
cess model using the finite element method briefly 
explained in Section 3.5 and the co-simulation proce-
dure of the veneer peeling lathe in operation. First, 
the implemented finite element model of the peeling 
process is investigated in terms of the parameters 
sensitivity including the varying rakes angles and 
peeling velocities. Second, the co-simulation environ-
ment and the details of the simulation aspects are 
presented. Third, the co-simulation results are pre-
sented, including the practical engineering output 
quantities and also the theoretical contact-related 
quantities.

4.1. Finite element implementation of the peeling 
process: cutting (contact-related) force study

Table 1 provides the material properties of the soft 
wood specie, Spruce Sitka (can be found in Green, 
Winandy, and Kretschmann (1999)) and also the wood 
fracture characteristics chosen for the finite element 
analyses. The fracture characteristics are adopted 
from Reiterer, Sinn, and Stanzl-Tschegg (2002) and 
are used to specify the cohesive zone element para-
meters in the finite element analyses.

The blade can either be assumed to be 
a discretized rigid body or be modeled as 
a deformable body made of steel. The finite element 
representation of the peeling process is illustrated by 
Figure 7. The cohesive element under large adhesive 
deformation is specified in the figure. The finite ele-
ment simulation in Figure 7 is based on the quasi- 
static analysis when rake angle is assumed to be 
αr¼ 67:5� which is the value of the rake angle in the 
case of the models based on the co-simulation, finite 
element and the experimental measurement, respec-
tively, presented in Sections 4.3, 5.1 and 5.2 . Figure 8 
shows the cutting force as a function of the six 
ascending values for the rake angle when performing 
a quasi-static analysis based on the finite element 
model and Equation 25 . It can be seen from 
Figure 8 that the cutting forces are affected by the 
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rake angle in both cases of the finite element and the 
Atkins models, resembling each other’s trend. It is 

worth mentioning that the results of the quasi-static 
simulation are based on the relatively thin depth of 
cut, i.e. 3 mm and the prescribed rotation of 0.375 rad 
is equivalent to the cutting velocity when the simula-
tion time is 0.015 s.

Figure 9 plots the cutting forces as a function of the 
rake angle in the case of a dynamic analysis. Again, 
the results are based on the finite element model in 
ABAQUS and Atkins model (Equation 25). Figure 9 
shows two significant discrepancies between the 
value of cutting forces corresponding to each rake 
angle and between the directions of the concavity 
of the curves for the finite element and Atkins solu-
tions. The difference between the quasi-static and 
dynamic analyses can be explained by recalling the 
fact that the Atkins model describes the cutting force 
based on the geometrical parameters and material 
properties such as shear strength. The effects of the 
inertia, the material law used in modeling the wood, 
and the fracture/damage model are not considered in 
Atkins model while; however, they do contribute to 
the finite element solution of the cutting force. 
Accordingly, the non-linearities in the contact 
dynamics stemming from the large elastic-plastic 
deformation during the peeling come into the pic-
ture, which are absent in the Atkins model and are 
also hidden in the quasi-static analysis in ABAQUS. 
This quasi-static attribution of the Atkins model will 
further be illustrated by a set of results for cutting 

Figure 7. Illustration of peeling process in the quasi-static ana-
lysis. The depth of cut is 3 mm and rake angle is 67:5�. The 
cohesive element adhesion-like deformation is specified.

Figure 9. Comparison of the tangential cutting forces between 
the Atkins model and that obtained by the finite element 
representation of peeling process using dynamics analysis 
when the peeling speed is 5000 mm=s. The depth of peeling 
is assumed to be 3 mm.

Table 1. Parameters of the soft wood Spruce Sitka and the 
fracture characteristics.

Parameters Value

Density ρ [kg=m3] 550
Young’s modulus in longitudinal direction EL [MPa] 10080
Young’s modulus in radial direction ER [MPa] 1377
Young’s modulus ET in tangential direction [MPa] 814
Poisson ratio in LR plane νLR 0.399
Poisson ratio in LT plane νLT 0.618
Poisson ratio in RT plane νRT 1.090
Poisson ratio in RL plane νRL 0.056
Poisson ratio in TL plane νTL 0.038
Poisson ratio in TR plane νTR 0.664
Mode I stress factor (shear strength for peeling) [Mp] 9.559
Mode I fracture critical energy density Gf

TL [J=mm2] 0.000840
log length [mm] 1500
log radius [mm] 150

Figure 8. Comparison of the tangential cutting forces. The 
results are obtained using the Atkins model and the finite 
element model that represents the peeling process. The finite 
element model is solved using the quasi-static analysis when an 
equivalent rotation to the peeling speed of 5000 mm=s is 
prescribed. The depth of peeling cut is assumed to be 3 mm.
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force versus rake angle. Therein, the depth of peeling 
cut is assumed to be 10 mm, the quantity which plays 
a crucial role in both the dynamics of the finite ele-
ment and the Atkins force models. Figure 10 plots the 
cutting force values corresponding to the six rake 
angle. Analogous to Figure 9, the quasi-static analysis 
was performed with the finite element model, but the 
depth of cut was increased to 10 mm to investigate its 
effect on the results agreement. As expected, the 
Atkins model conforms to the finite element solution 
more amenable and for the higher values of the rake 
angle the two solutions are almost coincident. 
Predictably, Figure 11 indicates a stronger agreement 
in terms of values of the reaction (cutting) force 
imposed by the rigid blade between the two 
approaches: the finite element and Atkins. On the 
contrary, the direction of the concavity of the two 
curves are oppositely disposed to each other, that 
was the case for the other dynamic analysis shown 
in Figure 9 in which the concavity direction suddenly 
changed at rake angle of 0.8 rad. Finally, Figure 12 
shows a difference between the curves’ direction 
representing the cutting force against the rake angles 
that is now more significant than that under the lower 
cutting speed of 5000 mm/s. This latter finding and all 
the above discussions over the two finite element and 
Atkins solutions, concretely support the statement 
over the quasi-static attribution of the Atkins model. 

On the other hand, the finite element approach is 
highly sensitive to the increasing peeling velocity. 
This can be interpreted from Figures 11 and 12 
where the cutting forces follow two different beha-
viors with respect to the rake angles. Moreover, in the 
case of the peeling depth of 3 mm, the solution in the 
finite element was not converged when the peeling 
speed was set to be 10,000 mm/s that is abstained 

Figure 10. Comparison of the tangential cutting forces. The 
results are obtained using the Atkins model and the finite 
element model that represents the peeling process. The finite 
element model is solved using the quasi-static analysis when an 
equivalent rotation to peeling speed of 5000 mm=s is pre-
scribed. The depth of peeling cut is assumed to be 10 mm.

Figure 11. Comparison of the tangential cutting forces 
between the Atkins model and that obtained by the finite 
element representation of peeling process in a veneer lathe 
using dynamics analysis when the peeling speed is 5000 
mm=s. The depth of peeling is assumed to be 10 mm.

Figure 12. Comparison of the tangential cutting forces between 
the Atkins model and that obtained by the finite element 
representation of peeling process using dynamics analysis 
when the peeling speed is 10,000 mm=s. The depth of peeling 
is assumed to be 10 mm.
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from presenting here. As a summary, with respect to 
the computational cost of the finite element 
approach, the Atkins model was found to have some 
merits over the finite element approach integrated 
with the multi-body system approach.

4.2. Co-simulation environment: implementation 
aspects and imposition of contact-related 
constraint

In this study, the fourth-order Runge-Kutta time inte-
gration scheme with time step of 1 ms was used to 
compute dynamic performance of the lathe opera-
tion. As explained before, the PLC automation was 
connected to a simulation model to ensure that its 
control resembles a real lathe control. The co- 
simulation procedure used allows the saving and 
plotting of several data sources, a few of which are 
introduced in this chapter. The simulation was run on 
a Windows 10 environment. The contact model was 
implemented using Julia v1.5 and the lathe multi- 
body model was simulated in a C++ environment. 
Communication between Julia and the lathe model 
was accomplished via a TCP/IP socket connection. 
Visualization of the lathe model can be done using 
Mevea visualization component Mevea (2005–2020), 
or via a link to Unity (game engine) Unity (2005–2020) 
scene built for the simulation model.

Process model visualization was implemented in 
OpenGL/Julia and runs with the process model and 
can be toggled on or off. Due to the fact that Julia is 
a garbage collected (GC) language, the dynamic mem-
ory allocation is avoided in the simulation of the loops 
in the process model. By skipping the memory alloca-
tion during the loops simulation, Julia performs suffi-
ciently fast to be used as the main programming 
language for the model. So, it justifies employing Julia 
rather than some low-level languages such as C++. The 
developed simulator was operated mostly in automatic 
mode, however, user interface was also developed. The 
simulator is controlled from the lathe operator’s work 
bench with authentic controls such as joysticks and 
a touch screen, shown in Figure 13.

The time step during the simulation of the lathe is 
limited due to hydraulics model Oshtorjani, Mikkola, 
and Jalali (2019), and it was set to be 0.001 s. A con-
siderable effort was placed on the implementation of 
the contact model to take advantage of the modern 

CPU’s pipe-lined nature. The CPU cache locality was 
kept in mind when selecting the suitable data struc-
tures and algorithms. In addition, the contact search 
and handling were written using Single Instruction 
Multiple Data (SIMD) to make use of data level paral-
lelism. Auto vectorization by the compiler was relied 
on the less emerged calculation loops. This also 
requires to check the resulted assembly code to 
make sure that the vectorization has been used. 
After the contact events between a log and the 
bodies have been detected, the contact constraints 
are imposed using the penalty method according to 
Drumwright (2008) as follows: 

Fpenalty ¼ kp di � kv _sn þ ki Iterm; (32) 

where kp is the contact stiffness, kv is the damping co- 
efficient, _sn is the relative velocity of the bodies along 
the contact normal direction, ki is the integration co- 
efficient, and Iterm is a term associated with the inte-
gration. The integration term used in Equation 32 is 
calculated according to Atkins (2009b) in the follow-
ing form: 

Iterm ¼
X� 1

i¼� 101

λt� ti � 1 max dðy; tiÞ; (33) 

where t is the current time step, ti is previous 
time step, dðy; tiÞ is the penetration depth of 
point y at time step ti and λ is a factor which 
reduces the contribution of the previous penetra-
tions. A setting of 0:8 < λ< 0:9 is recommended 
Drumwright (2008). For every time step, only the 

Figure 13. Simulator has an authentic operator chair with con-
trols and touch screen user interface.
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maximum penetration depth between the body 
and the log is tracked as shown in the Equation 
33. Note that the tracking is limited to the most 
recent hundred steps to optimize computational 
effort related to the force calculation during con-
tinuous contact. During normal operation, the 
backup rolls and the knife-bar are not intended 
to have sudden contact with the log, but instead 
provide constant contact pressure to prevent log 
deformation away from the peeling knife.

In this study, friction associated with the con-
tacts is described using the LuGre friction model. It 
is a continuation of the Dahl friction model and is 
able to describe important friction phenomena 
such as hysteresis and stick-slip condition Olsson 
(1996). The friction between bodies is modeled 
based on the average elastic deformation of bris-
tles, which simulates the micro-scale imperfections 
on the contact surfaces. The bristles function as 
springs and the friction force is thus related to 
the bristles’ stiffness. When the force moving the 
bodies increases over the bristles’ capacity to 
deform, they start to slide and the bodies begin 
to move relative to each other. The average bristle 
deflection zb is modeled with the following differ-
ential equation 

_zb ¼ _st � σ0
_st

g
zb; (34) 

where _st is the relative tangential velocity of the 
contact points, σ0 is the bristle stiffness, gð_stÞ is 
a velocity dependent friction function that affects 
the average bristle deflection. A common descrip-
tion of the friction function that captures 
Coulomb and Stribeck effects is of the following 
form: 

g ¼ FC þ ðFS � FCÞe
ffiffiffiffiffi
�

_st
ss

p

; (35) 

where e is Napier’s constant and ss is the Stribeck 
velocity Åström and de Wit (2008). Friction force in 
the contact can be calculated as 

Ff ¼ σ0 zb þ σ1 _zb þ σ2 _st; (36) 

where σ0 is the bristle stiffness, σ1 is the bristle damp-
ing coefficient and σ2 is the viscous friction coefficient 
Olsson (1996); Åström and de Wit (2008).

4.3. Co-Simulation results: practical engineering 
and the theoretical contact-related quantities

The log specimen is Scots Pine (pinus sylvestris) with 
the length of 1500 mm, radius of 150 mm. The peeling 
speed is 100 m/min and the depth of peeling cut is set 
to be 3.2 mm. The detailed material properties and 
fracture characteristics of the wood specie used in the 
simulations and experiments of this example are col-
lected in Table 2. In the co-simulation of peeling 
process, the wood material parameters used, namely, 
the fracture toughness R and shear yield strength τy , 
were taken from Orlowski et al. (2013), where the 
parameters were experimentally measured for Scots 
Pine. In Figure 14, the torque and power of the lower 
support roller motor are depicted. As can be seen 
from the figure, the support roller’s motor torque is 
affected by the friction between the roller and the log.

In normal operation, the support rollers contribute 
work into rotating the log. This is to minimize the risk 
of spin-out occurring where the log end caps fail to 
transmit torque and break, causing the spindles to 
function as drills and penetrate into the log. The spin- 
out could take place if all the needed torque comes 
solely from spindles.

Figure 15 shows the contact forces associated with 
the lower support roller. These results are obtained 
from contact description of the process model. The 
contact forces are expressed in the global reference 
frame due to the lengthwise axis of support rollers 
being parallel with the global Z-axis.

Figure 16 shows the torque obtained from the 
friction model. The torque applies between the 
lower support roller and the log. In Figure 17, the 
torque and power curves of the main motor 

Table 2. Parameters of the soft wood Scots pine and the fracture 
characteristics used with the numerical simulations in Section 4.

Parameters Value

Density ρ [kg=m3] 550
Young’s modulus in longitudinal direction EL [MPa] 10080
Young’s modulus in radial direction ER [MPa] 1377
Young’s modulus in tangential ET direction [MPa] 814
Poisson ratio in LR plane νLR 0.399
Poisson ratio in LT plane νLT 0.618
Poisson ratio in RT plane νRT 1.090
Poisson ratio in RL plane νRL 0.056
Poisson ratio in TL plane νTL 0.038
Poisson ratio in TR plane νTR 0.664
Mode I stress factor (shear strength for peeling) [Mp] 9.559
Mode I fracture critical energy density Gf

TL [J=mm2] 0.00084
log length [mm] 1500
log radius [mm] 150
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Figure 14. Torque and power of the lower support roller motor with the co-simulated model.

Figure 15. Lower support roller forces with the co-simulated model.
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responsible for lathe spindles’ rotation are shown. 
There are four peeling cycles visible, roughly cor-
responding to time ranges 30–60 s, 65–80 s, 85– 
100 s and 105–120 s. The first cycle is longer due 

to knife carriage being farther away from the spin 
center compared to the other cycles. At the start of 
a peeling cycle, there is a jump in motor torque 
after which the torque lowers a bit when the 

Figure 16. Lower support roller torques with the co-simulated model.

Figure 17. Torque and power of the lathe spindle motor with the co-simulated model.
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target angular velocity is reached. The motor tor-
que increases through the peeling cycle because 
the tangential velocity is kept constant during 
peeling. Angular velocity of the spindles is linked 

to the radius of the log and in order for the 
tangential velocity to stay constant, angular velo-
city must be increased as the log radius gets smal-
ler. Therefore during peeling, the motor is 

Figure 18. Blade forces with the co-simulated model. The force components in the z direction are basically zero.

Figure 19. Blade torques with the co-simulated model.
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constantly accelerating the rotation of lathe 
spindles.

Figures 18 and 19 respectively show the cutting 
forces and resulting torques expressed in global 
reference frame that affect the knife carriage 
body. Cutting forces and torques arising from 
peeling are calculated in the process model, trans-
formed and then distributed to relevant bodies, 
such as lathe spindles and knife carriage and then 
sent to the multi-body model during synchroniza-
tion step.

5. Verification and discussion

Despite the existing limitations briefly mentioned in 
Section 1 in the definition of the real-time model, the 
introduced approach is able to predict the behavior of 
the lathe within a reasonable accuracy. To get an 
insight into the accuracy of the introduced real-time 
model and to investigate the possible discrepancies 
between the experimentally measured model and the 
simulated model in real-time, the following compar-
isons and discussions elaborate the findings.

5.1. Experimental measurement

Figure 20 shows the cutting blade (knife) distance 
from the peeling center over the simulation time in 
the case of the measured and simulated models. As 
can be seen from the figure, regardless of the starting 
point, both the simulated and the measured results 
are almost coincident until t ¼ 21 s), and afterwards they follow a similar pattern while with the simula-

tion, the knife distance starts to increase earlier 
(within 1.5–2 s) than in the measurement. Figure 21 
displays the output power measured against the 
values resulting from the simulation. As expected, 
after 1 s, the measurement recorded a considerable 
jump in the power values. This can be explained with 
reference to Figure 20, where the cutting knife in the 
measured model recorded a sudden, significant dis-
placement. Figure 22 compares the input power of 
the motor of a real machine and the simulation 
model. The difference between simulated and mea-
sured data can be justified as follows: 

● Log diameter differs between the measured and 
simulated run. The simulated log had 
a maximum radius of around 150 mm, which 

Figure 20. Comparison of the cutting knife distance from the 
peeling center over simulation and measurement operation 
time in the case of a dry run without a log.

Figure 21. Comparison of the power measured during operation 
against that obtained within the simulation time in the case of 
a dry run without a log.

Figure 22. Comparison of the lathe motor power measured 
during operation against that obtained within time during log 
peeling process.
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can be seen in Figure 22 by the increase in the 
required power. Measurement starts at around 
120 mm radius.

● The lathe power cut-off earlier in the measure-
ment when compared to the simulation. In a real 
lathe, the last part of the peeling is done with the 
spindles retracted and the log is rotated only by 
the backup rolls and round knife bar. In 
Figure 22, the moment of the peeling enters 
the final stage and the spindles are retracted, 
the motor power drops to zero as the spindles’ 
rotation is stopped. In the simulation, this last 
part is omitted and, instead, the log is always 
held in place and rotated via the spindles.

● Noise in measurement data. One possible reason 
for the differences is that due to backup rolls and 
round knife bar increase the rotational torque, and 
occasionally, the spindles have to slow down to 
keep the tangential velocity at the set point. The 
backup and/or round knife-bar’s tangential speeds 
are sometimes set to be slightly higher than the 
spindles’ to ensure that they contribute to the 
rotational work. It is worth mentioning that the 
settings are based on the operator’s experience.

● The spike downwards in the measured lathe 
power at about 18 s in Figure 21 comes from 
the fact that a real lathe utilizes the electric 
motor for braking, making it function as 
a generator during the slowing down of the 
spindles’ rotation.

5.2. Finite element model

In the finite element model in ABAQUS, the wood 
material constants of Scots Pine in the orthotropic 
elasticity are calculated with respect to the material 
properties in Table 2. In the table, the material proper-
ties for Scots Pine specimen are adopted from Aira, 
Arriaga, and Íñiguez González (2014). The fracture 
characteristics are given in Orlowski et al. (2013) that 
are used to define the cohesive zone element in the 
quasi-static analysis in ABAQUS. The nonlinear quasi- 
static analysis was preferred over the nonlinear tran-
sient dynamic on the basis of the rationale given in 
Section 3.5. The finite element model consists of 
a rotating wooden log, the revolute joints and the 
discretized blade. A rotation of 0.1666 rad equivalent 

Figure 23. Blade reaction force components obtained by the finite element model of peeling process in ABAQUS. The results are based 
on the quasi-static analysis when an equivalent rotation to peeling speed of 100 m/min is applied within time span of 0.015 s.
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to the peeling speed of 100 m/min is imposed 
through the revolute joints within time span of 
0.015 s. The solution procedure is based on the dis-
cussion presented in Section 3.5. The thickness of the 
cohesive element is set to be 0.001 mm. As men-
tioned earlier in this section, the contact-related 
quantities and more specifically contact force compo-
nents (blade cutting force components) during peel-
ing process are sought after. By virtue of the high 
computational cost of the simulation of the peeling 
process within significant amount of time that is the 
case with the co-simulation solution, the full finite 
element simulation is avoided.

Figure 23 shows the tangential and vertical compo-
nents of the cutting force imposed from the knife blade 
within the simulation under the prescribed rotation. 
Considering the short-run simulation, the finite element 
solutions for the cutting force components are good in 
accordance comparing with Figure 18. To more con-
cisely and precisely compare the extrema of the cutting 
force solutions obtained by the finite element and co- 
simulated models, the extrema of the cutting force 
components are collected in Table 3. It should be men-
tioned that in the case of the co-simulation, the extrema 
of the cutting force components are computed by tak-
ing an average of the extrema of four rounds of peeling. 
The cutting forces imposed from the blade are evalu-
ated by taking the average of nodal forces along the 
knife blade’s cutting edge. As evidenced by Table 3, the 
maxima of tangential forces given by the two solution 
approaches are in good agreement. However, the 
minima of the vertical components differ, but still they 
are acceptable in accordance considering the multiple 
different contributing variables in the two solution pro-
cedures, such as the existing of the roller supports in the 
co-simulation. Moreover, the tangential cutting force is 
of higher importance in peeling process and should be 
studied with a particular attention.

6. Conclusions

In this study, a real-time simulator for a veneer peel-
ing lathe was introduced to represent a physics-based 
model of the peeling lathe machine through which 
the following outcome were observed. The multi- 
body system dynamics model was combined with 
a contact description procedure according to Atkins 
model of the orthogonal cutting force Atkins (2003) 
using a co-simulation procedure.

● With the introduced simulator, features are iden-
tifiable even though the quantity of measure-
ments may not be identical to the data taken 
from a real peeling lathe. This was shown by 
comparing the relative distance between the cut-
ting blade and the log under peeling within simu-
lation time and the relative distance measured 
during the peeling process in a real lathe machine.

● The power generated by the lathe motor during 
simulation was compared against that measured 
using an operating lathe motor with and without 
loaded log.

● Moreover, the accuracy of the cutting force com-
ponents are investigated by introducing a finite 
element model of the peeling process. The solu-
tions for the cutting force components given by 
the finite element approach, particularly the tan-
gential component, were in a good agreement 
with those acquired using the co-simulation of 
the peeling process.

● The presented results are accurate enough to be 
used as a tool in product development. 
Furthermore, the developed simulator can also be 
used for operator training purposes because, even 
though peeling is an automatic process. There is 
still a need for operator actions in some special and 
rare cases. Using the introduced simulator, opera-
tors can learn how to operate with a real peeling 
lathe and learn how to solve special cases easily.

● Finally, the following improvements would 
increase the accuracy of the simulation in future 
developments:

● One of them could be the enhancement of the 
power transmission components with a more 
detailed evaluation of the friction parameters to 
achieve more accurate results. A straightforward 

Table 3. Comparison between the solutions of maxima of the 
tangential and vertical cutting forces obtained by the proposed 
co-simulation procedure and the finite element model in 
ABAQUS.

Solution Tangential cutting force [N] Vertical cutting force [N]

Co-simulation 3427:1 � 2045:2
Finite element 3508:9 � 2527:4
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way to accomplish this would be running the 
prototype through a few work cycles with differ-
ent speeds without a log and measuring the 
consumed currents, and then adjust the para-
meters contributing to the friction model to 
match the measurements. Another future 
improvement would be the development of the 
simulator to be able to describe the spindle-less 
peeling.

● Moreover, the process model of the veneer cut-
ting could be developed further with some peel-
ing tests to include the material properties of 
a number of wood species.

● The long-term development goal would be to 
make a process model capable of predicting the 
produced veneer quality. Thereto, the findings of 
the presented finite element solution, e.g., in 
terms of different veneer thicknesses and peeling 
velocities inspire great motivation towards such 
a development.
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a b s t r a c t

Drying, a crucial step in process engineering aimed at producing optimal product moisture content, has
evolved over time from batch processing methods to continuous processing alternatives. Continuous
drying methods offer uniform moisture content of the product at lower operational cost. In this study, a
continuous veneer drying model was developed based on mass and energy balances. The simulated
veneer dryer is a semiautomatic machine designed to maximise the drying process efficiency via control
mechanisms such as the veneer transport rate, fan speed, opening angle of the inlet and outlet dampers,
and radiator temperature. In the dryer, veneer plates are conveyed horizontally through the number of
connected chambers where hot air is blown transversely. The optimal drying process is dynamically
maintained via the Proportionaleintegralederivative controllers, manipulating the rate of the damper
lids opening, that are connected to the sensors monitoring the air properties in the chambers of the
drying unit. The model-based sensitivity analysis ANOVA was carried out for energy optimisation pur-
poses. The analysis outcomes indicated that radiator temperature, initial moisture content of veneer
sheets and conveyor speed are the most influential parameters affecting the drying rate. Automatic
control of damper lids provides optimal temperature and moisture content of drying environment at
lower energy costs.

© 2022 Published by Elsevier Ltd.

1. Introduction

Veneers are highly demanded construction materials due to
their remarkable properties such as aesthetically pleasing appear-
ance, light weight, strength, shape stability, soundproof and low
heat conduction properties. The quality of veneer sheets is moisture
dependent, which should be within the optimal range for gluing.
Optimal moisture content varies depending on wood type,
composition of glue, panel type and other factors. Demirkir et al. [1]
state that the optimal moisture content of veneer sheets should be
below 7%, whereas Ozsahin & Aydin [2]; who used a neural
network on experimental data to predict the optimal veneer drying
temperature for good bonding, claim that the moisture should be
about 3%. In the case of over drying, unconditioned veneer plates
tend to cause poor gluing due to insufficient absorption of glue

aqueous component. However, high moisture content decreases
the glue viscosity, which, in turn, can cause veneer sheet
misalignment during hot pressing due to high shear stress [3,4].
Recently, Ozsahin & Aydin [2] used neural network on experi-
mental data to predict the optimal veneer drying temperature for
good bonding in the process of manufacturing plywood panels.
According to Johnsson et al. [5]; improving energy efficiency in
wood processing industry is recognised as one of the most crucial
actions for mitigating the climate change. Convective drying in
veneermanufacture is a critical stage from the energy consumption
perspective as it is responsible for up to 70% of the total energy
consumption of plywood production [6,7]. Moreover, plywood
drying alone has been estimated to contributemore than 30% to the
global warming potential of total plywood production in China,
which is equivalent to 6.3 tons of emitted CO2 per cubic meter of
ready product [8]. Optimisation of the drying process is therefore a
topic of considerable interest from both economic and environ-
mental standpoints. Based on a feasibility evaluation of wood* Corresponding author.
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dryers Lamrani et al. [9] recommended waste heat recuperation.
To be able to control a process, the process mechanisms have to

be adequately described andmeasures identified for determination
of the optimal conditions of the process. Mathematical models
based on energy and mass balances are capable of describing dry-
ing processes including convective dryers, see, for example,
[10e19]. In particular, Euh et al. [20] developed a real-time drying
control that was capable to improve the drying efficiency of a
pneumatic conveying dryer. The veneer drying process is based on
the physical principles of moist air thermodynamics and moisture
mass transfer. Thus, the limiting factors of convective evaporation
are air humidity, temperature and mass transfer rate of moisture
from the veneer surface to the bulk of the air, as shown in Fig. 1.
Process intensification and apparatus performance optimisation
consequently tend to focus on these areas.

In the published literature, there are examples of convective
dryers modelled at different scales and using different approaches.
Thant et al. [12] proposed a simplified model for drying time esti-
mation in a veneer jet dryer where internal and external moisture
transport is considered. The model results agree with the experi-
mental data reasonably well, however, the simulated time is quite
short, during which the moisture transport to the veneer surface is
intensive and doesn't limit the overall drying rate. The effect of air
humidity and convective mass transfer was not considered. A CFD
simulation was used by Rouch [13] to estimate the airflow hydro-
dynamics and heat transfer in a wood plates drying. A package of
the plates was considered as porous media and the drying rate was
assumed constant. Regardless of missing validation, the modelling
approach is robust and the results are adequate. In another work,
Sandoval Torres et al. [16] proposed a one-dimensional model for
moisture transport through European oak and evaporation rate
from the wood surface in a vacuum chamber. Wood layer was
considered as porous medium. Assuming homogeneous air condi-
tions in the vacuum chamber, the moisture transport due to con-
vection was disregarded. Semiempirical models of a rotary dryer
and a textile dryer were developed in MATLAB Simulink by Baxi
et al. [17]. Based on mass and energy balances, both models
included the effect of air convection, material residence time and
convective heat transfer. The model performance appeared
adequate; however, a validation is missing. Di Marco et al. [18]
made a mathematical model for an air impingement dryer to
evaluate the energy performance. The model predictionwas within
5% deviation from experimental data with the assumption of con-
stant humidity and temperature profiles in the dried tissue. It
should be noted that thus far detailed dynamicmodels, describing a
complex performance of a continuous convective drying unit,
including humidity control mechanisms, have not been presented.

Experimental work, modelling and simulation are the three
main approaches used in process engineering to understand phe-
nomena such as drying [21]. A multiparameter model of a complex
process requires performance evaluation using varying input pa-
rameters to foresee different scenarios of the modelled process
outcomes as illustrated in Fig. 2. A comparative study of uncertainty
quantificationmethods published by Cox& Baybutt [22] shows that
the research on uncertainty quantification in models of physical
processes dates as far back as 1981 [21]. Sensitivity analysis
methods applied in different areas have been discussed in many
studies, for example, [23e30].

Saltelli et al. [26] discussed the principles and methods of
sensitivity analysis with succinct definition of sensitivity analysis as
the study of how variation in output of a model is explained by
variation in the model inputs. The classical methods of sensitivity
analysis and their corresponding problems cases have been dis-
cussed in the works of [26,29,31,32]. Sensitivity analysis methods
varies from the historical approach of local sensitivity analysis
where the effect of local input perturbations on the model output is
studied; design of experiment theory; Monte Carlo techniques and
global sensitivity analysis that don't restrict the domain of model
inputs [26].

Sałat et al. [33] used a blackbox approach to optimise the fan
speed in an industrial scale convective dryer. Bose et al. [25]
examined an uncertainty analysis of laminar aeroheating pre-
dictions for Mars entries. A Monte Carlo sensitivity and uncertainty
analyses were used by Ref. [25] to investigate the effect of some
selected parameters under Mars entry conditions of the model. The
results gave a quantitative explanation of the uncertainties in the
modelling parameters. Specifically, the collision integral in high
and low catalytic regimes responsible for transport properties of
mixtures contributes largely to the uncertainty.

Fig. 1. Diagram of evaporation rate.

Fig. 2. Process performance predictability analysis of mechanistic model.
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Woods & Lewis [32] reviewed methods from design of experi-
ments developed from both physical experiments and those related
to numerical models. The classes of factorial designs were used to
investigate main effects and interactions in the model with the
active input variables providing information for optimisation of the
model output.

The aim of this work is to create a dynamic model describing the
convective drying process of veneer in a continuous drying unit.
The model comprises energy and mass balances of moving air and
veneer passing through the dryer. The model is then used to
analyse the variation of the crucial parameters within the expected
range, defined based on the performance practice of the drying
unit. This paper covers the principles of modelling for the convec-
tive drying in Section 2. Section 3 describes the implementation of
the convective dryer model in the environment of MATLAB Simu-
link. The methodology of the statistical analysis is described in
Section 4. The results from the model simulations and sensitivity
analysis are presented in Section 5.

2. Principles and modelling concepts of convective drying

The thermodynamics of the convective drying process is derived
from the ideal gas law. Dry air andwater vapour coexist in a domain
under ambient pressure which is the sum of their partial pressures:

pair þpH20 ¼ patm (1)

Water molecules can diffuse from solid surface to air. Equilib-
rium moisture concentration in air is limited by the saturation
pressure in the atmosphere:

pH2Osat ¼ exp
�
A
T
þBþCT þDT2 þGT3 þ ElnT

�
; (2)

where T is the temperature of the air, A e E are the empirical
constants [34]. An increase in temperature leads to exponential
growth of the saturation concentration of the water vapour.

The molar flux of moisture from veneer plate to air can be
expressed as follows:

_M
H2O ¼Avkg

�
pH2Osat �pH20

�
; (3)

where Av is the contact area of veneer,m2; kg is the convective mass
transfer coefficient, m/s [35]. Molar flux conversion into mass flux
results in the following expression:

_mH2O ¼AvMH2Okg
�
pH2Osat � pH20

�
; (4)

where MH2O is the molar mass of water, kg/kmol; c is the concen-
tration of air water vapour, kmol/m3. The convective mass transfer
coefficient describes the transport efficiency of the moisture from
the surface to the air bulk. It depends on airflow velocity at surface
and water molecules diffusion. The convective mass transfer from a
flat plate can be correlated with Reynolds (convectiondiffusion ) and Schmidt

(viscositydiffusion) dimension less numbers as follows:

kg ¼ARe1=2Sc1=3; (5)

where A is the empirical constant, 0.332 and 0.664 for laminar and
turbulent regimes respectively [35].

The drying unit, shown in Fig. 3, consists of a drying section,
comprising 16 drying cells, 2 smoke or sealant cells adjacent to the
outer cells of the drying section, and 3 sequential cells of cooling
section. The convective evaporation takes place in the drying cells,

where blown air, heated by a radiator, streams continuously across
the veneer sheets. The outer drying cells of the drying Section are
connected to the sealants or smoke cells. Leaving the second smoke
cell, the veneer plates pass through the cooling Section for tem-
perature conditioning before they can be man handled. The hot
fluid used in the radiators can be optionally steam or oil. A typical
drying cell comprises a fan, a radiator, jet boxes, rollers, and
optional air inlet and/or outlet, as shown in Fig. 4.

The geometry of the surface and the surrounding structures
affects the mass transfer coefficient greatly. For simplified cases of
flat or cylindrical surfaces in open space, the constants are suffi-
ciently accurate. With complicated structures, however, such as the
perforated jet boxes in the dryer in Fig. 5, computational fluid dy-
namics (CFD) analysis can provide more accurate values [15].

Elevated temperature of the air increases the saturation con-
centration promoting higher drying rate. The diffusion of moisture
through the veneer layers lowers the overall drying rate. In practice,
the diffusion time scale is small as the veneer sheets are thin and
the moisture migrates from the middle of the sheets in both di-
rections towards surface. Temperature affects moisture diffusion
through fibres which can be described by Fickian Law or empiri-
cally. When a moist veneer plate enters the first drying chamber
the moisture transport is increased due to convective heating
during the induction period until a constant drying rate is reached.
A constant drying rate is maintained until veneer humidity reaches
a critical value, whereupon the diffusion of the water becomes the
limiting factor of the drying process, as illustrated in Fig. 6. The
reduction in the drying rate continues until equilibrium moisture
content is reached. The moisture driven limitation of the constant
drying rate can be measured experimentally in similar conditions.

Fig. 3. Illustration of the veneer dryer unit.

Fig. 4. Illustration of the main features in the drying cell.
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The measured isotherm of the falling rate is normalised for
modelling purposes. The empirical approach is a consistent and a
simpler alternative to a detailed CFD model of the moisture
transport through the material. Normalization procedure according
to Equations (6) and (7) of the experimental data is shown in Fig. 6
[36].

_mnorm
evap ¼

_mi
evap

_mconst
evap

: (6)

Xnorm ¼ Xi � Xeq

Xcr � Xeq
: (7)

X¼ mH2O

mdry veneer
; (8)

where the where X is the moisture content of the dried veneer.

2.1. Design and functionalities of the drying cell

Drying cell is a functional unit in the veneer dryer; hence a
single cell can be modelled and then combined in a battery of 16
units to make the model of the veneer drying part. The modelled
drying cell was divided into four sub-blocks of different function-
ality following the design presented in Fig. 7 where air is assumed
to be completely mixed.

The starting point for the model design was the fan, which
blows air towards the radiator. The sub-block, colored in blue, in-
cludes the inlet damper for two reasons. The first reason is the
compactness of the model. The driving force for incoming fresh air
is the negative pressure created by the fan. As an input parameter to
the function for the mass flow rate, it is convenient to locate the

static pressure at the damper and the fan in the same sub-block.
The second reason is to exclude the heat impact of fresh air on
the veneer drying process. The exhaust sub-block occupies the
space from the fan sub-block to the radiator and by default includes
an outlet, which can be optionally deactivated. The radiator sub-
block starts from the radiator and occupies the vertical path of
the air until the veneer transport structure. The remaining space is
marked as a dryer sub-block and includes the material and energy
balances of the air and veneer.

Fig. 5. Illustration of the rollers on the left and jet boxes on the right.

Fig. 6. Normalization of typical empirical drying rates as a function of moisture on the left and normalised quantities on the right [37].

Fig. 7. Illustration of the drying cell with conditionally outlined sub-blocks.
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The mass balance in a typical drying cell is presented sche-
matically in Fig. 8, where the mass flow streams are shown. The
material balance of air and water vapour has only one inlet and
outlet that are in balance at the start but later can be changed
dynamically by PID controllers. There is a source of water vapour
evaporated from the veneer surface in the dryer sub-block. The
released water reduces the veneer humidity via a sink term, which
was added to the outlet mass flow rate in order to preserve the
mass balance. Later, this artificial mechanism was removed until
PID controllers and freely flowing air between cells were
implemented.

Energy balance in a typical drying cell is presented in Fig. 9.
Input fresh air reduces the energy and lowers the humidity. In the
exhaust sub-block, the air loses energy through the air released to
the outer environment. The radiator is the source of energy. The
heat exchange and evaporation affect both the air and veneer en-
ergy streams. A detailed description of each sub-block is given in

Section 3. The following features were implemented in the model:
Mass and energy balances of air and veneer in the drying and
smoke cells, a dynamic model of the radiator surface temperature,
energy storage in the metal parts, the opening angle of the exhaust
dampers is controlled by the PID controller, the opening angle of
the inlet dampers is controlled by the PID controller, the recircu-
lating gas moves between the cells based on static pressure, on/off
switches for the inlet and outlet dampers, the properties of the air
and veneer are adjustable, and the veneer transport speed and
loading regime are adjustable.

3. Modelling continuous drying unit with MATLAB simulink

The Simulink model was designed with the following assump-
tions and simplifications: the model excludes minor factors of in-
fluence; the fan maintains a constant volumetric flow rate; the
heating agent has constant temperature; the air stream is assumed
as perfectly mixed flow within sub-blocks; no temperature
gradient profiles are considered in the veneer plates and metal
parts; no heat exchange with the outer atmosphere is modelled;
the effect of veneer temperature on moisture diffusion is omitted;
and fan sub-blocks are isolated from each other.

The modelling environment of MATLAB Simulink has block-
based approach where the functional blocks that are explicitly
connected with the signal routes. The overall view of the model
built in Simulink follows the construction of the real dryer (see
Fig. 10). The constituent elements are shown in Fig. 11.

The exhaust, radiator and dryer sub-blocks have additional
modules, calculating the static pressure and the flow rates of air
migration between adjacent cells. The airflow rates through the
dampers are calculated separately using the signals from the PIDs,
the air properties in the outer area, in the fan and exhaust sub-
blocks. The mass and energy balances in fan sub-block are iden-
tical having two sources and one sink terms. The fresh air source
term is the function of the negative static pressure created by the
fan and the damper lid angle. The exhaust sub-block has a large
adjacent area between drying cells. Pressure driven airflow be-
tween neighbouring cells was therefore implemented. It is
described in Section 3.2. The outlet damper releases the moist air
based on the static pressure. The balances are identical having two
sink and one source term. The sink term is a lid and the angle of the
position of the damper lid automatically driven by the PID
controller. The radiator sub-block has a large adjacent area with a
neighbouring drying cell. Airflow between neighbouring cells was
therefore implemented. The energy balance has an extra source
term of the radiator, which supplies energy via a convective heat
transfer mechanism from the hot surface temperature of the radi-
ator to the gas mixture. The mechanism of the heat exchange be-
tween the heating fluid (steam) and the radiator surface is
implemented in the model. It is described in Section 3.3. The
pressure drop of the gas passing through the radiator is significant.
The geometric configuration of the radiator as well as the number
of radiating plates affects the pressure drop.

Fig. 8. Mass balance diagram of the drying cell.

Fig. 9. Energy balance diagram of the drying cell.

Fig. 10. Architecture of the drying model in MATLAB Simulink.
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The dryer sub-block has a large adjacent area between drying
cells. Airflow through the adjacent area between neighbouring cells
was therefore implemented. The static pressure of the hot gas
passing through the jet box comprises less than 5% of the initial
static pressure at fan, which was measured in an actual dryer on
site.

The principle equations upon which the sub-blocks were built
are listed below:

_macc ¼ _min � _mout (9)

rmix ¼mH2O þmair

V
(10)

f H2O ¼ mH2O

mH2O þmair
(11)

_mmix
out ¼ _qfanr

mix
fan (12)

_mmix
damper ¼Alid

�
2rmixP

mix
st

�0:5
(13)

Pmix
st�ex ¼ Pmix

st

�
Tref
� rmixðTÞT
rmix

�
Tref
� (14)

Pmix
st�rad ¼Crad

f Pmix
st�ex (15)

Pmix
st�dryer ¼Cdryer

f Pmix
st�ex (16)

_mH2O
veneer ¼Aveneerfevapkg

�
cH2Osat � cH2O

�
MH2O (17)

_εacc ¼ _εin � _εout � f H2O _εheat (18)

_ε¼ _mh ¼ _mcpT (19)

_εevap ¼ _mH2O
veneer�airlH2O (20)

_εrad ¼UradArad

�
Trad � Tmix

inðexhaustÞ
�

(21)

_εheat ¼UveneerAveneer

�
Tmix
inðexhaustÞ � Tveneerin

�
(22)

Trad ¼
UradAradðTsteam � TradÞ

mradcmetal
p

(23)

Tmix
out ¼

_εmix
acc

_mH2O
acc cH2Op þ _mair

acccairp

(24)

The mass balance in the sub-blocks is described in Equation (9),
where _macc is the mass accumulated in a sub-block, and _min and
_mout are mass inflows and outflows respectively. The density of gas
mixture in Equation (10) denoted as rmix is the ratio of the gas
masses (moisture mass mH2O and air mass mair) and the sub-block
volume V . The vapour mass fraction in Equation (11) denoted as
f H2O is the ratio of the moisture mass to the mass of the gas
mixture. The static pressures in the exhaust, radiator and dryer sub-
blocks depend on the pressure loss in the corresponding sub-block
(Ci

f ) due to airflow channel construction as described in Equation

(14)e16. The sink term of the mass flow rate _mmix is described in
Equation (12), mass flow rate through dampersm_mix is described in

Equation (13), evaporation rate from veneer _mH2O is described in
Equation (17), the energy rate _ε is described in Equation (19), the
energy transfer rate due to evaporation _εevap is described in Equa-
tion (20), heat duty of radiator sub-block _εrad is described in
Equation (21), air-veneer heat transfer rate _εheat is described in
Equation (22), radiator temperature Trad is described in Equation
(23), temperature of leaving gas mixture Tmix

out is described in
Equation (24). cp is the specific heat capacity of a phase, U is the
heat transfer coefficient, h is the enthalpy, l is the latent heat. The
phase components such as moisture (H2O), dry air (air), and gas
moist air (mix) are denoted as symbols superscripts, while the
drying unit parts and flow directions are specified as symbol sub-
scripts in the equations.

The experimental reference data was provided by Raute Oyj
(Fig. 12).

The falling period of the normalised drying rate isotherm was
fitted using the polynomial presented in Fig. 12. Similarly, the in-
duction drying rate period can be modelled when the necessary
data is provided as mentioned in Section 2; however, the
temperature-induced moisture diffusion through the veneer
thickness needs to be determined. In the current model, the
moisture diffusion through the veneer thickness is not modelled
explicitly but implicitly from the empirical drying rate isotherm.

To obtain the convective mass transfer coefficient, three

Fig. 11. Architecture of the drying cell in MATLAB Simulink.
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different methods were tested. Following the complexity growth of
the methods, the first method was using a direct empirical value,
which was taken as the most reliable number and set as a default.
However, the flow rate at the fan affects the Schmidt and Reynolds
numbers according to Equation (5), therefore, two other methods
were implemented, namely: fully mechanistic formulations for the
both dimensionless numbers and semi-empirical where an
empirical value for the Reynolds number, provided by Raute Oyj,
was used.

3.1. Airflow between adjacent sub-blocks of neighbouring cells

The mechanism of air transport from cell to cell is based on the
static pressure at adjacent areas of parallel air flows where they
interact. The pressure is linearly dependent upon the gas mixture
density and temperature, as presented in Equation (14). Based on
the pressure difference between adjacent sub-blocks of neigh-
bouring cells, the mass flow rate can be found in a similar way to
the mass flow rate through the damper in Equation (13). The sign of
the pressure difference defines the direction of the flow. It must be
noted that the corresponding density and temperature of the
dominating airflow are to be used to preserve the mass and energy
balances.

A different situation is found with smoke cells that don't have a
fan but contact with a dryer sub-block in the outer drying cells.
These cells are preheated with hot air coming from the radiator
sub-block domain through a small “window”. The reference static
pressure approach in Equation (14) works fine to find the pressure
difference between drying cells, but it is very inaccurate when a
pressure value is used against the absolute pressure in the smoke
cells, and it produces unrealistically high values of driving pressure.
Therefore, in the outer drying cells, as well as the reference static
pressure, the absolute pressure is also calculated, which is used to
obtain the mass flow rate between the dryer sub-block and smoke
cell. The other side of the smoke cell is connected to the outer at-
mosphere or the cooling section, which is assumed to have atmo-
spheric conditions. The air mass flow rate is simulated based on the
difference in absolute pressures. As the transported veneer is in
contact with the air in the smoke cells, the heat exchange mecha-
nism is implemented and evaporation is omitted.

3.2. Energy accumulation in metal parts

Metal parts such as fans, radiators, dryer walls, jet boxes, and
rollers have significant mass that can accumulate and release en-
ergy. The corresponding energy balances including the heat
transfer between the gas and metals were implemented in every
sub-block. During heating up, the metal parts strip energy from the
passing air which slows down the cooling process in the case of a

sudden shutdown of the dryer.

3.3. Inlet and outlet dampers with PID controllers

PID controllers manage the position of the damper lids. The
controllers use static pressure readings in the smoke cells as target
parameters. Based on the conventional performance of the dryer,
mild pressure (510 Pa) should be maintained to ensure fresh air is
fed into the dryer from both ends. The free parameter of the PID
controller, k�0:5, controls the angle of the position of the damper lid
that enhances or limits the airflow rate of Equation (25):

_mmix
damper ¼Alid

 
2rmixP

mix
st

k

!0:5

(25)

The PID controllers are limited by a range of k�0:5 to avoid the
risk of the unrealistic values. In the current model, the free
parameter is limited between 0.025 (almost closed) and 35 (fully
open) according to the empirical data provided by the
manufacturing company Raute Oyj.

4. Methodological framework for sensitivity analysis

Simulations in sensitivity analysis are conducted to account for
the variation in the model output due to variation in the input [21].
The spread realised from using different initial values of the model
are evaluated and analysed. This method can be represented as:

y¼H ðxÞ (26)

where H is a vessel function and in this case a deterministic
Simulink model with input parameters of the model x constituting
the feature space and an output vector y representing the final
veneer humidity and power consumption throughout the drying
process.

4.1. Factorial experimental design for continuous veneer unit model

A systematic approach to experimental design eliminates re-
searcher's bias and reveals the interaction of the input signals and
its effect onto the response variable [34]. Widely used experimental
designs in both research and industrial setting are the full and
fractional factorial designs [38e40]. The full factorial design re-
quires Lk experiments, where L is the number of levels and k is the
number of parameters in the experiment [40]. The use of a design
matrix is to replace the ideal case of operational data as input to the
model. The full factorial design gives a parsimonious modelling by
constraining the parameters to all the discrete possible combina-
tions of the levels across the factors [38]. The dimension of the

Fig. 12. Measured drying rate of veneer plate at 63 �C (left), derived drying isotherm (middle) and normalised drying isotherm (right). The blue line shows the curve while red line
is polynomial trend line. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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feature space is a p� k matrix and the output from the model is a
n� p matrix. This implies k parameters are to be varied for p ¼ Lk

iterations and n is the model simulation time.
The parameters varied in the simulation were veneer initial,

veneer humidity, radiator temperature, atmospheric pressure,
conveyor belt speed, and volumetric flow rate of fan. The degree of
variance for each parameter is subjective and it was chosen based
on the practice of the drying unit operation in South Karelia region
of Finland. The design matrix was converted from coded values to
real values and used as model inputs, hence representing a 35 full
factorial experiment.

4.2. Statistical framework for analysis of variance (ANOVA)

Statistical methods are used for explaining the relationship
between the design response and the predictors [41,42]. ANOVA is
used when predictors are fixed in advance or sampled together
with the responses. The standard multiple linear regression model
has the form:

y¼Xbþ e (27)

where y is the response vector, X is the design matrix, b is the co-
efficient vector and e is the error vector or residuals. The predicted
value of the response is hence given by:

by¼Xbb¼X
�
XTX

��1
XTy¼Hy (28)

where H is the hat matrix and bb is the least square estimate of (see
Table 1) b.

Table 2 is populated with the statistics from the regression
model and residuals.

The sum of squares in the ANOVA table is calculated as follows:

SSReg ¼
X

ðyi � yÞ2 (30)

SSRes ¼
X

ðyi � byiÞ2 ¼ðy� XbbÞT ðy�XbbÞ¼ beTbe (31)

SSTotal ¼
X

ðyi � yÞ2 ¼ðy� yÞT ðy� yÞ (32)

For an experiment of k predictors and N observations, the
regression model degrees of freedom (DF) is k, the residual degrees

of freedom is (N� k� 1), and the total degrees of freedom is (N�
1). The mean square is the ratio of the sum of squares and their
respective degrees of freedom.

4.3. Multi-objective optimisation

Multi-objective optimisation techniques are useful in optimis-
ing problems with two or more often conflicting objective func-
tions simultaneously. The application areas of multi-objective
optimisation have triggered continuous research in meta-heuristic
and multi-evolutionary optimisation techniques [43e45].

The goal attainment method described by Gembicki & Haimes
[46] is widely used among the several techniques inmulti-objective
optimisation. The method involves a set of objective functions
FðxÞ ¼ f fiðxÞg, a set of corresponding goals to be reached for each
objective function F*ðxÞ ¼ ff *i ðxÞg, and weights u ¼ fuig that
enable the under or over-achievement of the targets. The optimi-
sation problem is hence constructed as:

to minimize g,
subject to: fiðxÞ� ui g � f *i ðxÞ,

x2X; g2R

where g is the attainment factor and X is the parameter domain of
interest.

The two model outputs, final veneer humidity and total power
consumption are optimised with the goal attainment method.

The regression models from the ANOVA results are used as the
objective function. Hence, the problem is reduced to a two-
objective optimisation problem:

minimize g,
subject to: f1ðxÞ� u1 g � f *1 ðxÞ,

f2ðxÞ�u2 g � f *2 ðxÞ:

x2X; g2R

The weights ui are chosen such that
P2
i¼1

ui ¼ 1.

5. Results and discussions

The performance of the simulator was evaluated in various work
regimes, the results of which are presented in this section. First, the
most simplified simulationwithout air flowing freely between cells
was tested to limit the number of factors affecting the overall
performance of the drying chambers. In addition, all the inlet and
outlet dampers operated without PID controllers (fixed free
parameter k�0:5 ¼ 2 for outlet exhaust lids position that is based on
the initial condition of the fresh air flow rate at inlet to maintain air
mass balance). The second simulation included air transport be-
tween the drying chambers while the dampers worked as in the
previous simulation case. In the last case, the dryer worked in fully
operative mode with active dampers, as shown in Fig. 2. Inlet
dampers 4, 6, 10, 12 and outlet dampers 2, 8, 14 were On while
others were Off. The simulation results achieved at different initial
conditions are presented together for comparison purposes as
presented in Table 3.

The model was simulated for 1800 s with the time step of 0.01 s.
The simulation took 4.5 min, of which compilation and initialisa-
tion took 2.5 min, approximately 0.7 ms per time step, using 8 CPUs
i7-7000 and 32 Gb of operative memory. This information allows

Table 1
Variation of control parameters used in the sensitivity analysis.

Control parameter Low Medium High

Initial veneer humidity (IVH) (kgH2O/kgDV) 1.0 1.5 2.0
Radiator temperature (RT) (�C) 165 205 245
Atmospheric pressure (AP) (hPa) 973 1013 1053
Flow rate at fan (FR) (m3/s) 15 25 35
Conveyor belt speed (CS) (m/s) 0.045 0.055 0.065

Table 2
ANOVA table statistics for regression model and residuals.

Source Sum of Sq. DF Mean Sq. F-statistic

Regression SSReg k SSReg=k MSReg=MSRes
Residual SSRes N� k� 1 SSRes=ðN � k � 1Þ
Total SSTotal N� 1
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planning the simulation time for the cases where other time step
size is chosen, see, for example, Fig. 13. The maximum size of a
single time step is limited by the residence time of air in the
smallest sub-block, in this case 0.1 s. To obtain more accurate re-
sults, the time step size can be decreased to 0.001 s.

The dryer performance from the start to steady state operation
was simulated using three sets or cases of operational conditions.
The simulation results obtained at different initial conditions are
presented in Table 3. Drying rate curves for various simulation
scenarios are presented in Fig. 14. The veneer enters a drying cell
with the gas-veneer contact area zero at the start, i.e. the moment
the veneer sheets enter the drying chamber, and this contact area
grows as the veneer is transported through the cell. The dynamic

movement of the transported veneer was modelled in the simu-
lations, which resulted in inclined vertical lines for the drying
curves. As soon as the veneer reaches the maximum contact area,
other limiting factors start dominating, such as the bearing capacity
of the moist air and the humidity of the veneer.

Fully isolated drying cells have high air humidity, as seen in
Fig. 17, which limits the drying rate in all the cells (see Fig. 14). The
dynamic control of the dampers preserves the balance more effi-
ciently. It can be used to minimize the heat duty of the radiators in
the last five cells as the veneer approaches critical moisture content
already in cell 12 of Figs. 14 and 18.

Fig. 15 presents the gas temperature at the fan sub-block.
Pressure grows rapidly in an isolated cell as the temperature
rises, pushing the outlet damper lid into the open position to let the
air out. The outlet damper lid position affects the air humidity,
which in turn influences the drying rate. The gas of reduced density
carries less energy, which resulted in the temperature drop in case
1 of Fig. 15 when veneer enters the cells. The freely flowing air
introduces more air into the cells. As can be seen in the figure, the
outer drying cells 1 and 16 have lower air temperatures due to the
connections with the smoke cells. The optimised work of the
dampers keeps the air humidity below 0.6 kgH2O/kgDA. The
reduced drying rate caused the smaller final veneer temperature in
case 1 of Fig. 16. The energy balance between convective heat
transfer from gas to veneer and evaporation of water explains the
plateau in the temperature of the veneer seen in cells 6e12.

The final moisture content of the veneer, shown in Fig. 18 is best
controlled in the interconnected drying cells using the PID con-
trollers. The dryer, operated according to the scenarios of Case 1
and 2, tends to overdry the veneer sheets that may lead to un-
wanted deformation and/or cracks. Hence, the operational condi-
tions in Case 3, showed the best drying performance.

Table 3
Operating conditions of the veneer dryer defined for simulation.

Cases Drying chamber connection PID controller parameter, k�0:5 Active inlet dampers Active outlet dampers

1 No 2 All All
2 Yes 2 All All
3 Yes 0.025e35 4, 6, 10, 12 2, 8, 14

Fig. 13. Calculation time of 1 h simulation VS time step size at 8 CPUs i7-7000 and
32 Gb RAM.

Fig. 14. Simulation results for the drying rate in drying cells at three different simulation scenarios (cases 1e3). The drying rate of the first drying cell chamber is plotted with red
dashes, the last chamber with black dashes and other chambers with blue lines. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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5.1. Sensitivity analysis results

The dryer model was used to simulate 30 min of drying per-
formance. The control parameters were varied for the sensitivity
analysis as described in Section 4.1. The simulated results of the
final veneer humidity and the overall power consumption were
stored for the ANOVA and optimisation of the parameters. The ef-
fect of the parameters was first examined graphically in Fig. 19. It is
clear that radiator temperature is the major factor increasing the

drying rate as shown in Fig. 19a. There is a slight relationship in
term of the spread power consumption and initial veneer humidity
in Fig. 19b.

The regression results for the final veneer humidity in Table 4
show the coefficients of the control parameters and their in-
teractions. The initial veneer humidity and interaction between the
humidity and the radiator temperature have t-value significantly
different from zero hence contributing meaningfully to the output.

Fig. 21 presents the effect of radiator temperature and initial

Fig. 16. Simulation results for the temperature of the veneer exiting the drying cells in three different simulation scenarios (cases 1e3). The veneer temperature in the first drying
cell chamber is plotted with red dashes, the last chamber with black dashes and other chambers with blue lines. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 17. Simulation results for air humidity in the fan sub-block in the drying cells in three different simulation scenarios (cases 1e3). The drying rate of the first drying cell chamber
is plotted with red dashes, the last chamber with black dashes and other chambers with blue lines. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 15. Simulation results for air temperature at the fan sub-block in the drying cells in three different simulation scenarios (cases 1e3). The air temperature in the first drying cell
chamber is plotted with red dashes, the last chamber with black dashes and other chambers with blue lines. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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veneer humidity values on the power consumption output. In an
attempt to resolve the two conflicting objectives of minimising the
final veneer humidity and power consumption, the goal attainment
method of multi-objective optimisation is used. Hence, the objec-
tive functions are the regression models characterising the final
veneer humidity output and power consumption output with
regards to the design parameters. The goals values for both outputs
are 0.05 kgH2O/kgDV and 30.7 MW respectively. The domain of the
input parameters was restricted to the design in Table 1. A multi-
objective optimisation problem was constructed as explained in
Section 4.3, thus, the optimal parameter values and the corre-
sponding function output are presented in Table 8 and Fig. 22.

The first set of the optimal values for both targets is 0.03 kgH2O/
kgDV and 38.5 MW at initial veneer humidity of 1.5 kgH2O/kgDV
and radiator temperature of 207.5 �C. The second set is 0.06 kgH2O/
kgDV and 37.1 MW at initial veneer humidity of 1.5 kgH2O/kgDV
and radiator temperature of 205 �C. At this point, an experienced
decision marker is left to choose a desired solution from the
available optimal values given.

6. Conclusions

Using the computational tools of MATLAB Simulink, a dynamic
simulator for a continuous veneer dryer was built. The complicated
mechanisms of heat andmass transfer inside the veneer dryer were
described in a semi empirical model. The model describes the
convective mass transfer of moisture from veneer plates continu-
ously transported through the dryer sections where the heated air
is blown by fans crosswise. In the model, a drying chamber is
conditionally split into four sequentially connected sub-blocks,
between which air can move. The system of damper lids operated
by PID controllers is also modelled. The lids are opened more
widely when the local air humidity rises. The moist air can move
between the drying chambers towards the air outlet dampers
driven by the static pressure.

The installed sensors ensure a slight underpressure atmosphere
in the smoke cells through the action of the PID controllers linked
to the outlet dampers. The underpressure maintains the fresh air
inflow from the premises outside the dryer. The transported veneer

Fig. 19. Design output of final veneer humidity and power consumption against radiator temperature and initial veneer humidity parameters.

Fig. 18. Simulation results for the moisture content of the veneer exiting the drying cells in three different simulation scenarios (cases 1e3). The veneer moisture content in the first
drying cell chamber is plotted with red dashes, the last chamber with black dashes and other chambers with blue lines. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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is heated while passing through the first seven cells until the
maximum drying rate is reached. In the next five cells, the heat,
removed during the active evaporation, is in balance with the heat
transferred from hot air to the veneer. Then, the drying rate is
gradually decreased and the veneer temperature rises to 150 �C in
case 1 and to 180 �C in case 3. In the following cooling cells the
temperature of the moving veneer drops to 30e40 �C, is a tem-
perature suitable for manual handling. The mass and energy
transport coefficients used in the convective drying model are
empirical. Themodel performance is then compared and discussed.
The simulation time is rather short from 10 to 20 min at reasonable
time step size. The maximum time step size is limited by the air
residence time in the fan sub-block.

The tested model shows adequate results obeying the physical
principles of the thermodynamics. The validatedmodel was used to

optimise the process of convective drying for the veneer sheets. The
veneer final moisture content at the end of the simulationwas 0.04
kgH2O/kgDV. The complicated mechanisms of heat and mass
transfer inside the veneer dryer were simulated in three different
scenarios stepwise increasing themodel complexity. All three cases
showed similar level of drying rate in the drying chambers. How-
ever, the simulated case 3, which is the closest to the practical
running process, produced the driest veneer sheets and the least air
humidity level in the drying chambers.

The selected operational parameters of the continuous veneer
drying unit such as initial veneer humidity, radiator temperature,
atmospheric pressure, fan speed, and conveyor belt speed were
studied within the range of their practical variations via sensitivity
analysis. The simulation outcomes using a balanced full factorial
design indicated that the radiator temperature, the initial veneer

Fig. 20. Radiator temperature and initial veneer humidity parameters effect on final veneer humidity at conveyor speed 0.045 m/s, fan rate 35 m3/s and atmospheric pressure
1013 hPa.
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humidity, and the fan rate were the most crucial parameters for the
final veneer humidity output while all parameters except conveyor
speed were significant for the power consumption output model.
The regression model was used to characterise the relationship
between the parameters and the model output. Subsequently, the
ANOVA method was used to validate the regression model and a
multi-objective optimisation to determine optimal set of parame-
ters for the conflicting objective functions. The first model attains a
high final veneer humidity with low radiator temperature and high
initial veneer humidity, and a low final veneer humidity with high

radiator temperature and low initial veneer humidity while the
secondmodel attains a high power consumptionwith high radiator
temperature and high initial veneer humidity and a low power
consumption with low radiator temperature and low initial veneer
humidity. The multi-objective optimisation was instrumental in
combining both objectives of minimising the final veneer humidity
and power consumption. The analysis shows how a different
combination of input parameters could affect final veneer humidity
and power consumption, and the parameters with largest impact
identified. The first optimal value for both final veneer humidity

Fig. 21. Radiator temperature and initial veneer humidity parameters effect on power consumption output with conveyor speed at 0.045 m/s, fan rate at 35 m3/s and atmospheric
pressure at 1013 hPa.
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and power consumption is 0.03 kgH2O/kgDV and 38.5 MWat initial
veneer humidity of 1.5 kgH2O/kgDV and radiator temperature of
207.6 �C. The second optimal value for both final veneer humidity
and power consumption is 0.07 kgH2O/kgDV and 37.1 MWat initial
veneer humidity of 1.5 kgH2O/kgDV and radiator temperature of
205 �C. The results can be used as a guide for the real operational
process in the case where a decisionmarker can select fromvarying
optimal values.
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Fig. 22. Optimal values and response values for final veneer humidity and power
consumption with conveyor speed at 0.045 m/s, fan rate at 35 m3/s and atmospheric
pressure at 1013 hPa.

Table 4
Regression estimates of parameter coefficients and test of significance for the final
veneer humidity model.

Predictors Coefficient Standard Error T-value P-value

Intercept 0 6.432 0 1.000
IVH 1.970 0.326 6.052 0.000
FR �0.009 0.016 �0.557 0.578
RT �0.080 0.004 �18.48 0.000
CS 0 17.493 0 1.000
AP 1.51 ∙ 10�4 1.257 ∙ 10�4 1.2 0.231
IVH∙ST 0.009 2.6 ∙ 10�4 33.87 0.000
ST2 2.1 ∙ 10�4 4.639 ∙ 10�6 45.08 0.000

The ANOVA results in Table 5 also show that the regression model significantly
explains the variation. Fig. 20 presents the effect of radiator temperature and initial
veneer humidity values on the final veneer humidity.

Table 5
ANOVA table statistics for regression model and residuals for final veneer moisture
content.

Source Sum of Sq. DF Mean Sq. F-statistic P-value

Regression 35.317 20 1.766 593.51 0.000
Residual 0.661 222 0.003
Total 35.978 242

A similar analysis was implemented for the power consumption from the regression
model of the response surface graphs. The results for the power consumption,
presented in Table 6 and Table 7, shows that the t-values of all parameters, except
conveyor speed, are significant. The regression model doesn't consider the param-
eters interaction as the linear model is parsimonious enough to describe the model
and the variations in the model.

Table 6
Regression estimates of parameter coefficients and test of significance for power
consumption.

Predictors Coefficient Standard error T-value P-value

Intercept 1.746 6.818 0.256 0.798
IVH 2.266 0.455 4.982 0.000
FR 0.819 0.023 36.03 0.000
RT 0.205 0.006 36.09 0.000
CS 5.751 22.739 0.253 0.801
AP 0.0002 6.475 ∙ 10�5 2.919 0.004

Table 7
ANOVA table statistics for regression model and residuals for power consumption.

Source Sum of Sq. DF Mean Sq. F-statistic P-value

Regression 22,063 5 4412.6 526.77 0.000
Residual 1985.3 237 8.377
Total 24,048 242

Table 8
Optimal parameters values with corresponding target values of final veneer hu-
midity and power consumption.

IVH FR RT CS AP Veneer humidity Power consumption

1.5 35 207.6 0.045 1013 0.03 38.5
1.5 35 205 0.045 973 0.06 37.1

D.V. Gradov, Y.O. Yusuf, J. Ojalainen et al. Energy 244 (2022) 122673

14



Appendix

References

[1] Demirkir C, €Ozsahin S, Aydin I, Colakoglu G. Optimization of some panel
manufacturing parameters for the best bonding strength of plywood. Int J
Adhesion Adhes 2013;46:14e20. https://doi.org/10.1016/
j.ijadhadh.2013.05.007.

[2] Ozsahin S, Aydin I. Prediction of the optimum veneer drying temperature for
good bonding in plywood manufacturing by means of artificial neural
network. Wood Sci Technol 2014;48:59e70. https://doi.org/10.1007/s00226-
013-0583-2.

[3] Christiansen A. Effect of overdrying of yellow poplar veneer on physical
properties and bonding. Holz als Rohund Werkstoff 1994;52:139e49. https://
doi.org/10.1007/BF02615210.

[4] Northcott PL, Hancock WV, Colbech HGM. Water relations in phenolic
(plywood) bonds. Forest Prod J 1962;12:478e86.

[5] Johnsson S, Andersson E, Thollander P, Karlsson M. Energy savings and
greenhouse gas mitigation potential in the Swedish wood industry. Energy
2019;187:115919. https://doi.org/10.1016/j.energy.2019.115919.

[6] Baldwin RF. Veneer drying and preparation. In: Plywood and veneer-based
products. San Francisco, California: Miller Freeman Books; 1995.

[7] Aydin I, Colakoglu G. Formaldehyde emission, surface roughness, and some
properties of plywood as function of veneer drying temperature. Dry Technol
2005;23:1107e17. https://doi.org/10.1081/DRT-200059142.

[8] Jia L, Chu J, Ma L, Qi X, Kumar A. Life cycle assessment of plywood
manufacturing process in China. Int J Environ Res Publ Health 2019;16:2037.
https://doi.org/10.3390/ijerph16112037.

[9] Lamrani B, Kuznik F, Ajbar A, Boumaza M. Energy analysis and economic
feasibility of wood dryers integrated with heat recovery unit and solar air
heaters in cold and hot climates. Energy 2021;228:120598. https://doi.org/
10.1016/j.energy.2021.120598.

[10] Gaillemard C. Modelling the moisture content of multiply paperboard in the
paper machine drying section. Sweden: Ph.D. thesis KTH Royal Institute of
Technology; 2006. https://www.diva-portal.org/smash/get/diva2:9961/
FULLTEXT01.pdf.

[11] Smit G, Du Plessis J, du Plessis Sr J. Modelling of airflow through a stack in a
timber-drying kiln. Appl Math Model 2007;31:270e82. https://doi.org/
10.1016/j.apm.2005.11.003.

[12] Thant A, Yee S, Htike TT. Modeling drying time during veneer drying and
comparison with experimental study. In: Proceedings of the international
multiconference of engineers and computer scientists. IMECS; 2009 [Hong
Kong], http://www.iaeng.org/publication/IMECS2009/IMECS2009_pp1911-
1914.pdf.

[13] Rouch H. Fluid flow simulations using new cfd module e wood drying
simulation. Proc COMSOL Conf Paris 2010:1e4. https://www.comsol.dk/
paper/download/103597/rouch_paper.pdf.

[14] Laurijssen L, De Gram FG, Worrell E, Faaij A. Optimizing the energy efficiency

of conventional multicylinder dryers in the paper industry. Energy 2010;35:
3738e50. https://doi.org/10.1016/j.energy.2010.05.023.

[15] Jamaleddine TJ, Ray MB. Application of computational fluid dynamics for
simulation of drying processes: a review. Dry Technol 2010;28:120e54.
https://doi.org/10.1080/07373930903517458.

[16] Sandoval Torres S, Jomaa W, Puiggali JR, Avramidis S. Multiphysics modeling
of vacuum drying of wood. Appl Math Model 2011;35:5006e16. https://
doi.org/10.1016/j.apm.2011.04.011.

[17] Baxi H, Patel A, Barve J. Modelling and simulation of dryer system. In: 2015
international conference on industrial instrumentation and control (ICIC).
IEEE; 2015. p. 1544e9.

[18] Di Marco P, Frigo S, Gabbrielli R, Pecchia S. Mathematical modelling and en-
ergy performance assessment of air impingement drying systems for the
production of tissue paper. Energy 2016;114:201e13. https://doi.org/
10.1016/j.energy.2016.08.011.

[19] Gluesenkamp KR, Boudreaux P, Patel VK, Goodman D, Shen B. An efficient
correlation for heat and mass transfer effectiveness in tumbletype clothes
dryer drums. Energy 2019;172:1225e42. https://doi.org/10.1016/
j.energy.2019.01.146.

[20] Euh SE, Choi YS, Nam YS, Lee CG, Lee SY, Oh KC, et al. Development of a real-
time drying control system for a pneumatic conveying dryer for sawdust in
pellet production. Energy 2018;161:10e6. https://doi.org/10.1016/
j.energy.2018.07.056.

[21] Zhang J, Yin J, Wang R. Basic framework and main methods of uncertainty
quantification. Math Probl Eng 2020.

[22] Cox DC, Baybutt P. Methods for uncertainty analysis: a comparative survey.
Risk Anal 1981;1:251e8. https://doi.org/10.1111/j.1539-
6924.1981.tb01425.x.

[23] Kleijnen JP. Sensitivity analysis and optimization of system dynamics models:
regression analysis and statistical design of experiments. Syst Dynam Rev
1995;11:275e88. https://doi.org/10.1002/sdr.4260110403.

[24] Kleijnen JP. An overview of the design and analysis of simulation experiments
for sensitivity analysis. Eur J Oper Res 2005;164:287e300. https://doi.org/
10.1016/j.ejor.2004.02.005.

[25] Bose D, Wright MJ, Palmer GE. Uncertainty analysis of laminar aeroheating
predictions for mars entries. J Thermophys Heat Tran 2006;20:652e62.
https://doi.org/10.2514/1.20993.

[26] Saltelli A, Ratto M, Andres T, Campolongo F, Cariboni J, Gatelli D, et al.
Introduction to sensitivity analysis. Global sensitivity analysis. The primer.
Wiley; 2008. p. 1e51. http://www.andreasaltelli.eu/file/repository/A_Saltelli_
Marco_Ratto_Terry_Andres_Francesca_Campolongo_Jessica_Cariboni_
Debora_Gatelli_Michaela_Saisana_Stefano_Tarantola_Global_Sensitivity_
Analysis_The_Primer_Wiley_Interscience_2008_.pdf.

[27] Kalyanaraman J, Fan Y, Labreche Y, Lively RP, Kawajiri Y, Realff MJ. Bayesian
estimation of parametric uncertainties, quantification and reduction using
optimal design of experiments for CO2 adsorption on amine sorbents. Comput
Chem Eng 2015;81:376e88. https://doi.org/10.1016/
j.compchemeng.2015.04.028.

[28] Bhattacharyya B. A critical appraisal of design of experiments for uncertainty
quantification. Arch Comput Methods Eng 2018;25:727e51. https://doi.org/
10.1007/s11831-017-9211-x.

[29] Cacuci DG. Sensitivity and Uncertainty Analysis. Theory. CRC Press; 2003.
http://inis.jinr.ru/sl/tot_ra/0/0/3/Cacuci-Sensitiv.pdf.

[30] Lin G, Engel DW, Eslinger PW. Survey and Evaluate Uncertainty Quantification
Methodologies. United States 2012. https://doi.org/10.2172/1035732.

[31] Borgonovo E, Plischke E. Sensitivity analysis: A review of recent advances. Eur
J Oper Res 2016;248:869e87. https://doi.org/10.1016/j.ejor.2015.06.032.

[32] Woods D, Lewis S. Design of experiments for screening. Handbook of Un-
certainty Quantification. Springer, Cham; 2017. https://doi.org/10.1007/978-
3-319-11259-6_33-1.

[33] Sałat R, Awtoniuk M, Korpysz K. Black-box identification of a pilotscale dryer
model: A Support Vector Regression and an Imperialist Competitive Algo-
rithm approach. IFAC-PapersOnLine 2017;50:1559e64. https://doi.org/
10.1016/j.ifacol.2017.08.309.

[34] ASHRAE. Handbook fundamentals. Atlanta: ASHRAE; 2005. https://shop.
iccsafe.org/media/wysiwyg/material/8950P203-toc.pdf.

[35] Welty J, Rorrer GL, Foster DG. Fundamentals of Momentum, Heat, and Mass
Transfer. 7th. John Wiley & Sons; 2019.. https://www.wiley.com/en-us/
FundamentalsþofþMomentum%2CþHeat%2CþandþMassþTransfer%
2Cþ7thþEdition-p-9781119495413.

[36] Mujumdar AS. Impingement drying. Handbook of Industrial Drying. 4th.
Taylor & Francis Group; 2014. p. 371e81.. https://doi.org/10.1201/b17208.

[37] Burnaev E, Panin I, Sudret B. Efficient design of experiments for sensitivity
analysis based on polynomial chaos expansions. Ann Math Artif Intell
2017;81:187e207. https://doi.org/10.1007/s10472-017-9542-1.

[38] Antony J. Design of experiments for engineers and scientists. Elsevier; 2014.
https://doi.org/10.1016/C2012-0-03558-2.

[39] Politis S, Colombo P, Colombo G, Rekkas D M. Design of experiments (DoE) in
pharmaceutical development. Drug Dev Ind Pharm 2017;43:889e901. https://
doi.org/10.1080/03639045.2017.1291672.

[40] Dante RC, Escamilla JL, Madrigal V, Theuss T, de Dios Caldero0n J, Solorza O,
et al. Fractional factorial design of experiments for pem fuel cell performances
improvement. Int J Hydrogen Energy 2003;28:343e8. https://doi.org/
10.1016/S0360-3199(02)00069-1.

[41] Hoaglin DC, Welsch RE. The hat matrix in regression and ANOVA. Am

Operational conditions and constants Values Units

Air flow rate at the fan 25 m3/s
Static pressure at 20 �C 0.005 Pa m3/(kg�C)
Temperature of atmosphere 20 �C
Radiator temperature 205 �C
Humidity of air in atmosphere 80 %
Dryer production capacity 6 kg/s
Initial humidity of veneers 1.5 kgH2O/kgDV
Speed of veeners transport 0.055 m/s
Atmospheric pressure 1013 hPa
Mass transfer 3.26 ∙ 10�4 m/s
Density of dry veneer 430 kg/m3

Heat capacity of water vapour 1900 J/(kg�C)
Heat capacity of veneer 1340 J/(kg�C)

[47]
Heat capacity of dry air 1000 J/(kg�C)
Heat capacity of water 4200 J/(kg�C)
Heat capacity of stainless steel 500 J/(kg�C)
Molar mass of water 18 g/m
Latent heat of water 2.26 ∙ 106 J/kg
Convective mass transfer 5.6 ∙ 10�4 m/s
Density of dry air 0.63 kg/m3

Density of dry veneer 430 kg/m3

Diffusivity of vapour through veneer 2.7 ∙ 10�5 m2/s
Kinematic viscosity of air 1.48 ∙ 10�5 m2/s
Diffusivity of vapour through veneer 2.7 ∙ 10�5 m2/s
Free parameter k�0:5 in PID controllers 0.02535

D.V. Gradov, Y.O. Yusuf, J. Ojalainen et al. Energy 244 (2022) 122673

15



Statistician 1978;32:17e22. https://doi.org/10.2307/2683469.
[42] Faraway JJ. Practical regression and ANOVA with R. 2nd. CRC Press; 2014..

https://www.routledge.com/Linear-Models-with-R/Faraway/p/book/
9781439887332.

[43] Ehrgott M. Multiobjective optimization. AI Mag 2008;29. https://doi.org/
10.1609/aimag.v29i4.2198.

[44] Gaspar-Cunha A, Covas J. An Introduction to Multiobjective Optimization
Techniques. Optimization in Polymer Processing. Nova Science Publishers;

2011.
[45] Coello CAC. Multi-objective Optimization. Springer, Cham; 2018. https://doi.

org/10.1007/978-3-319-07153-4_17-1.
[46] Gembicki F, Haimes Y. Approach to performance and sensitivity multi-

objective optimization: The goal attainment method. IEEE Trans Automat
Control 1975;20:769e71. https://doi.org/10.1109/TAC.1975.1101105.

[47] Radmanovic0 K, Dukic0 I, Pervan S. Specific heat capacity of wood. Drv Ind:
Znanstvenostru �cni �casopis za pitanja drvne tehnologije 2014;65:151.

D.V. Gradov, Y.O. Yusuf, J. Ojalainen et al. Energy 244 (2022) 122673

16



Publication III

Mohammadi, M., Eskola, R., and Mikkola, A.
Constructing a Virtual Environment for Multibody Simulation

Software Using Photogrammetry

Reprinted with permission from
Applied Sciences
10, 4079, 2020
© 2020, MPDI





































Publication IV

Cheikh-el-Chabab, M., Kuivalainen, O., Andersson, U. R., Eskola, R., and
Mikkola, A

Using Real-time Simulation in Company Value Chains and Business
Models for Value Creation. In: Ukko J., Saunila M., Heikkinen J.,

Semken R.S., Mikkola A. (eds.) Real-time Simulation for Sustainable
Production - Enhancing User Experience and Creating Business Value

Reprinted with permission from
Routledge

177-195, 2021
© 2021, Taylor & Francis Group





    14      Using real- time simulation 
in company value chains and 
business models for value creation    

   Maya Kristina Cheikh- el- Chabab, Olli Kuivalainen, 
Ulf R. Andersson, Roope Eskola and Aki Mikkola      

   14.1      Introduction  

 In today’s rapidly changing global markets, industries are becoming not only 
interconnected, but also interdependent. Digitalization and globalization are 
increasing the pressure on companies to remain competitive to survive. Merely 
adapting technology is not enough. Companies must also understand business 
trends and the complexity of modern technology. Digitalization, in particular, 
has resulted in rapid development and a new complexity in electronics that is 
challenging upper and middle management to gain a better understanding of 
the new and emerging needs of their businesses. They must adapt by innovating 
and updating their business models to ensure their companies can fully benefi t 
from the new technologies and off er their customers better value. Only a small 
percentage of companies believe existing business models will be suffi  cient to 
keep them profi table and economically viable as their industries continue digit-
alizing course and speed (Bughin  et al. ,  2018 ). 

 Revolutionary changes in business come about whenever growth of global 
innovation and competitiveness gives rise to advanced technologies that off er 
substantial benefi t to industry. The introduction of water-  and steam- powered 
mechanical manufacturing at the end of the 18th century (i.e . , the “fi rst wave” 
or industrial revolution), the division of labor in the beginning of the 20th 
century (i.e . , the “second wave”), and the appearance of programmable logic 
controllers for production- process automation in the 1970s (i.e . , the “third 
wave”) were the main infl uencers of such revolutions (Brettel  et al. ,  2014 ). The 
latest transformations have introduced the business world to a whole new pos-
sibility of interactions between humans and machines in a cyber- physical world 
through a large network bringing upon a “fourth wave”. 

 Industry 4.0 refers to the emergence and diff usion of a range of new digital 
industrial technologies, e.g . , in relation to automation and data exchange 
in manufacturing technologies (Strange and Zucchella,  2017 ; Hannibal and 
Knight,  2018 ). In addition to technological innovations, companies have also 
had to undergo a huge shift in their organizational structure to cope with 
the new market complexity. Scholars have also recognized a shift from mass 
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production to customized production, moving toward the co- creation of 
products with customers and that transformation’s potential eff ects on value 
propositions and business models. This chapter examines real- time simulation 
as a result of the fourth wave of industrial revolution that has been triggered 
by the internet. 

 Real- time simulation is an important result of this latest revolution. It is 
a technology that is evolving rapidly and fi nding its way into specifi c indus-
trial applications, because real- time simulation and its accurate physics- based 
representations resolve real- time problems by producing meaningful and timely 
information about product behaviors (Mevea,  2018 a; Jaiswal  et al. ,  2019 ). Real- 
time simulation can accurately predict –  in real time –  the dynamic behaviors 
of complex mechanical systems, such as mobile machines (Khamim  et al. , 2018). 
Real- time simulation techniques are being applied to develop advanced oper-
ator training simulators (Mevea,  2018 a). Furthermore, several manufacturing 
companies use real- time simulation to improve their production processes, 
and real- time simulations can serve as a vehicle to demonstrate to potential 
customers the technical features of a product. Consequently, new applications 
in product development and beyond are emerging that account for the needs 
and wants of both customers and operators throughout the whole value chain 
process, a critically important benefi t. 

 The possible next step is taking simulator- driven design methodologies to 
a new level by developing real- time simulator- driven processes. This devel-
opment will provide visibility and accessibility to multiple stakeholders in 
every part of the product lifecycle and therefore enhance the potential of new 
business models to drive increased competitiveness. However, this new fi eld of 
technology is not fully mature and is currently only being applied in limited 
cases, so there are many benefi ts yet to be discovered and proven. 

 This chapter describes how incorporating real- time simulation in diff erent 
value chain processes can aff ect business models and benefi t various stakeholders. 
The primary objective is to explain how real- time simulation tools can increas-
ingly represent real- world functionality in today’s businesses and emerging 
industries. This innovation has increased global competition to raise product 
quality and lower production costs and has ensured real- time access to rele-
vant product and production data for the involved parties. Therefore, companies 
are weakening the barriers to participation in their product development and 
support processes and giving multiple parties better access to data by exchan-
ging it through autonomous systems embedded throughout the entire value 
chain (Brettel  et al. ,  2014 ). To cope with these technological changes, industries 
have had to evolve and face the changing market. In this new environment, they 
are having to think more about creating value based on real- time simulation.  

  14.2     The eff ect of digitalization on the market 

 Impacting how companies do business, digitalization has launched a number 
of new trends. To better understand these trends, a better understanding of 
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digitalization is needed. Some managers view digitalization as an upgrade of 
what their IT functions do for the company. Others are interested in digital 
marketing and sales. Bughin  et al.  ( 2018 ) defi ned digitalization as “the nearly 
instant, free, and fl awless ability to connect people, devices, and physical objects 
anywhere”. I- SCOOP ( 2019 ) referred to digitalization in business as enab-
ling, improving and/ or transforming business operations, business functions, 
business models and processes, and activities by leveraging digital technologies 
and making broader use of digitized data by turning it into actionable know-
ledge with a specifi c benefi t in mind. This defi nition takes into consideration 
the importance of data gathered from diff erent digitalization means. Other 
defi nitions have included the environmental aspect of digitalization and the 
adoption of digital technologies across all possible societal and human activities. 
However, in this chapter, the focus is on the defi nitions proposed by Bughin 
 et al.  ( 2018 ) and I- SCOOP ( 2019 ). 

 In 2018, CIMdata published an eBook entitled  Digital Twins: Changing the 
Way We Engineer Validate, Market, and Operate our Products . The book introduced 
four diff erent trends in business launched by digitalization (CIMdata,  2018 ). 

 The fi rst is increased complexity, whether in product or ecosystem.    1    Product 
complexity does not only come from an increased number of assemblies, but 
also from current customer expectations when using electronics, software, 
and embedded systems, all of which are taken for granted. In addition to an 
increasing need to interconnect technologies, ordering and manufacturing 
are being challenged to meet sustainability conditions. As for ecosystem com-
plexity, this phenomenon is shown in digitalization covering the entire product 
lifecycle process. Environmental responsibility is on one side and social respon-
sibility is on the other as companies manufacture products that are increasingly 
interconnected to meet society’s needs. 

 The second trend is giving the customer more choice. Today’s customer 
demands fl exibility and is given a wide range of choices, if not a fully customized 
product or service. Since companies are gaining access to much better means, 
materials, and solutions; customers expect reliable products of superior quality 
that have been well tested before product launch. Customers are also partici-
pating more in the feedback process and codeveloping products by providing 
improvement ideas. And, more companies are expected to provide customers 
more involvement opportunities. 

 The third trend is digitalization competitiveness, where companies not 
only focus on bringing improved and well- tested products to market, but they 
also focus on doing it quickly, responding rapidly to market changes to stay 
competitive in their fi eld. CIMdata explained that virtual capabilities must be 
applied at all stages of the engineering process, from inception through product 
development to manufacturing to service. This requires data and process man-
agement, visualization, collaboration, and predictive capabilities. Achieving 
digitalization does not mean that a company has everything in digital form, 
but rather that it is capable of capturing and analyzing data and then using it 
for decision making. 
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 The fourth trend is sustainable innovation, which is realized through the 
virtual environment. Virtuality impacts company competitiveness and profi t-
ability, resulting in transformation of the value proposition and the business 
model. CIMdata noted some of the virtual engineering practices in businesses. 
These include system modeling and simulation (SMS), BigData, digital twins, 
IoT (Internet of Things), IIoT (Industrial Internet of Things), and more. The 
increased use of advanced technologies has accelerated these trends, and industry 
must work constantly to keep pace. 

 These trends are driving the need for further research on each of these tech-
nologies to improve their implementation and better understand their impact. 
Real- time simulation is already being used by some companies, but not all its 
benefi ts have been fully employed throughout the whole value chain. Indeed, 
real- time simulation is mostly found as part of product development and not 
used in other value- creating activities. This chapter therefore focuses on real- 
time simulation and its potential benefi ts.  

  14.3     Real- time simulation models and How they Create 
Value for Customers 

 A complete real- time simulation model integrates the appropriate elements; 
including the models of environment, mechanics, control system, and user 
input; and predicts their interaction to simulate the dynamics of an entire 
system (Mevea,  2018 b). The user’s main role is to provide input signals via the 
control console to direct the control system. The control system is where most 
of the input/ output data is processed and synchronized with other subsystems. 
Actuators produce the forces needed to drive the mechanical subsystem. 

 For example, hydraulic actuators output the required forces to the mech-
anical system, which responds by moving within its motion constraints. 
Multibody system dynamics is the basis of the mechanical subsystem modeling, 
and it includes the description, e.g . , of the bodies, joints, contacts, and tires. 
In a multibody approach, the set of position coordinates can be defi ned using 
generalized global or relative coordinates (Jalon and Eduardo,  2012 ). A selected 
set of coordinates is also used to defi ne the velocities and accelerations of the 
system bodies. 

 To express the equations of motion, the dynamic equilibrium of the system 
must be defi ned. This equilibrium can be determined using an approach 
such as the principle of Virtual Work. A multibody system is a constrained 
system, so the constraints must be considered when defi ning the equations 
of motion. There are several ways to express them including coordinate 
partitioning, the penalty method, the augmented Lagrangian method (Bayo 
and Ledesma,  1996 ), the collision response model (Korkealaakso  et al. ,  2007 ), 
and the lumped LuGre friction model (Astrom and Canudas- De- Wit,  2008 ). 
Furthermore, the hydraulic system model that describes the actuators is often 
based on lumped fl uid theory, where the hydraulic circuit is divided into 
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discrete volumes with the assumption that the pressure is distributed equally 
(Watton,  1989 ). 

 Simulation tools such as these have helped decrease cost and improve simu-
lation capabilities making it possible to model and predict real- world behaviors. 
As a result, the capabilities of real- time simulation and its ability to solve real- 
world problems have improved. In addition to the reduction in modeling cost, 
the new techniques have been made more available and accessible to a larger 
number of users for multiple applications (B é langer et al.,  2010 ). The import-
ance of properly understanding the needs and wants of customers during the 
product design process, and therefore involving customers in the actual process 
through a virtual prototyping experience with real- time simulation tools, has 
driven the need for improved real- time simulation. 

 In real- time simulation, the time required to perform computational 
functions and accurately compute equations must be synchronized and must be 
faster than the simulation time- step for the simulation to acceptably represent 
its physical counterpart with equivalent performance ( cf. , B é langer et al., 
 2010 ). For each time- step, the simulator takes the following actions (B é langer 
et al.,  2010 ): 

     1.     Reading inputs and generating outputs,  
     2.     Solving model equations,  
     3.     Exchanging results with other simulation crossing, and  
     4.     Waiting for the start of the next step.    

 As implied in the previous steps, all output data can be exchanged and shared. 
This capability enables a new form of communication between stakeholders, 
which could include current or potential customers, other dealers involved in 
the sales action such as sub- retailers and wholesalers, partners and investors, or 
any other party that makes use of the simulator- gathered real- time data. 

 Traditionally, product and service development decisions are made, for 
the most part, by the few experts tasked with directly addressing develop-
ment issues and questions (Mohr  et al. ,  2010 . A certain approach could even 
be paternalistic. For example, see Baden- Fuller and Haefl iger,  2013 ). In this 
approach, customer needs and wants are often solicited via verbal or written 
interviews. For a completely new product, this approach is problematic, because 
describing a concept- level product to customers is diffi  cult, and it is equally 
diffi  cult for customers to fully understand a new product’s potential advantages 
or disadvantages. Furthermore, if the product is the result of radical innovation, 
customers may not even be able to articulate what their specifi c needs might 
be (Mohr  et al. ,  2010 ). 

 This problem can be alleviated by developing real- time simulation- driven 
processes, which can be accomplished, in practice, by developing a toolset that 
gives multiple stakeholders access to machine research and development, pro-
duction planning, and customer services via virtual worksites that can provide 
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fully confi gurable, real- time, virtual prototyping. To this end, it is critical to 
employ server- based virtual environments (Figure   14.1 ). With a server- based 
virtual environment, any number of stakeholders can simultaneously work 
with the virtual machine. The environment also makes it possible to set up and 
modify included models. All in all, these processes can function as tools for open 
innovation and crowdsourcing (F ü ller  et al.   2013 ). 

   
 

  14.4     Business model canvas as a tool to analyze the 
value chain 

 As mentioned in the preceding paragraphs, it is challenging for upper and 
middle management to understand the new and emerging needs of their 
businesses and adjust to them by innovating and updating their business models. 
However, so the added value produced reaches customer, it is of great import-
ance to innovate and update business models to ensure they can fully benefi t 
from the new technologies introduced to industry. 

 Studying the benefi ts of real- time simulation helps companies to better cap-
ture its full potential value and use it more extensively. With this use comes the 
need to adjust the business model to provide customers and other players in the 
value chain technological value. This can be done by considering and applying 
real- time simulation to diff erent actions along the value chain. However, to 
identify exactly where this technology best functions, the business model canvas 
must be clarifi ed. 

 As Osterwalder and Pigneur (  2010 ) described, “The business model describes 
the rationale of how an organization creates, delivers, and captures value”. His 
idea also identifi ed nine building blocks that comprise the business model 
canvas. These include the following. 

  •       Value proposition   represents what the company is off ering and makes 
customers consider buying. It shows the bundle of services and products 
that create value.  

  •       Channels   are the way the company intends to reach its customers and 
deliver its products or services by diff erent means of communication, dis-
tribution, and sales.  

  •       Customer relationships   comprise the connections that a company 
establishes with each of its customers. These relationships could be 
automated or personalized to build a customer base, retrieve customers, or 
increase sales.  

  •       Customer segments   are the various market segments for which the organ-
ization is creating value, that is, its’ most important customers. The com-
pany can serve one or more customer segments.  

  •       Revenue streams  are  how the company makes money. Here, managers must 
determine what exactly customers value and what they are willing to pay 
for it.  
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  •       Key resources   are the most important assets held and owned by the company, 
rented from partners, or rented to other companies. These assets are important 
to off ering value to customers, building relationships, and gaining revenue.  

  •       Key activities   serve as the most important activities for the company to 
deliver value, maintain customer relationships, and make revenue. They 
vary depending on the type of business model.  

  •       Key partnerships   constitute the partnership network of suppliers and part-
ners. These partnerships take the shape of cooperation, joint ventures, 
alliances, and buyer– supplier relationships. The partnership network is 
especially important, because it results in and optimizes economies of scale, 
reducing the risk of uncertainty and granting the privilege of acquiring a 
particular resource or activity the company needs.  

  •       Cost structure   is understanding what the company must pay to create and 
deliver the value proposition. Cost structure has an eff ect over diff erent 
blocks in the business model including value proposition, revenue streams, 
and long- term customer relationships.    

 This business model canvas has challenged previous assumptions that there is 
one coherent and understandable business model. It has made it easier for com-
panies to follow these steps and compare themselves to other company models 
(Osterwalder and Euchner,  2019 ). 

 Innovating business models seems to be a method for companies to com-
mercialize innovative ideas and technologies. However, business model innov-
ation also complements process, product, and organizational innovation, which 
promotes more collaboration. 

 Chesbrough and Rosenbloom ( 2000 ) stressed the importance of having a 
proper business model that works with a company’s new technology to create 
value and manage, not only technological uncertainties, but also economic 
and market uncertainties. They also explained that learning and searching 
for eff ective business models makes successfully adopting technology more 
likely. This search ensures that market needs are discovered and that customers 
receive best value. Zott  et al.  ( 2011 ) concluded that the business model plays 
an important role in unlocking the potential values of using technologies and 
converting them to potential outcomes. Companies can benefi t from modi-
fying their own business models to use real- time simulation. This way, they can 
remain competitive and off er value to their customers.  

  14.5     Applying real- time simulation to diff erent alue 
chain activities 

  14.5.1     Applying real- time simulators in R&D and product development 

 Real- time simulation is being applied in many areas including traffi  c control, 
movies, gamifi cation, and HVAC (heating, ventilation, and air- conditioning) 
systems (Pell  et al. ,  2016 ; Jaiswal  et al. ,  2018 ; Trcka and Hensen,  2010 ). 
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Companies are therefore becoming more aware of the advantages of using 
simulation to improve their businesses. More companies, such as Siemens and 
other German machine tool vendors, are developing simulation procedures 
that use data collected from machinery (Rubmann  et al. ,  2015 ). According to 
Rubmann, this has enabled operators to virtually test and optimize machine 
settings for new products before real- world introduction, thereby improving 
production quality and reducing setup times for the real machining processes 
by as much as 80%. 

 Product development is essential because it can infl uence an organization’s 
competitive success, adaptation, and renewal (Brown and Eisenhardt,  1995 ). 
The vast amount of literature focusing on product development has described 
numerous reasons for successful new product introductions, as well as reasons for 
failure. A few of these reasons are addressed here. Ancona and Caldwell ( 1992 ) 
discovered that the most successful product development teams employed a 
wide- ranging external communication strategy, combining so- called ambas-
sador and task coordination behaviors, that helped them secure resources, gain 
task- related information, and enhance product development performance. This 
type of communication connects product development to various stakeholders. 
There is an analogy between Ancona and Caldwell’s ( 1992 ) ideas and the use of 
real- time simulation in product development. 

 Von Hippel ( 1982 ) showed that a real- time simulation process makes it easier 
for a company to make customers an important resource for their product devel-
opment eff orts. Djelassi and Decoopman ( 2013 ) reported that crowdsourcing 
can be helpful in mobilizing selected customers. Crowdsourcing can be defi ned 
as “the act of a company or institution taking a job traditionally performed by 
employees and outsourcing it to an undefi ned, generally large group of people 
in the form of an open call” (Howe,   2006a, 2006b ). Crowdsourcing is a form 
of user- driven innovation and value co- creation through which companies can 
apply innovation (Hopkins,  2011 ). Real- time simulation can be used as a plat-
form that fosters crowdsourcing- based outsourcing. 

 One example of using a “virtual machine” in product development might be 
its application in the development of new car models. Taking a simulator- driven 
approach would enable the recruitment of a large number of test drivers who 
could then test- drive several (virtual) prototypes or beta versions. This approach 
combines the classic idea of testing various product versions with customer- 
driven innovation. If this virtual machine approach is well executed, test users 
can experience virtual driving under assorted conditions and with diff erent 
vehicle features over a substantially shortened schedule. 

 Receiving customer feedback eff ectively during the early phases of product 
development is an important benefi t of a simulator- driven process, as it enables 
the involvement of a large group of potential users in the development process. 
To better involve potential users though, game- like elements can be added to 
the testing platform. Indeed, gamifi cation can boost the commitment of test 
users and even encourage the participation of yet a larger number of participants 
(Hamari  et al. ,  2014 ). 

9780367515164_pi-223.indd   1859780367515164_pi-223.indd   185 26-Feb-21   23:02:3526-Feb-21   23:02:35



186 Maya Kristina Cheikh-el-Chabab et al.

 The R&D real- time simulator approach off ers benefi ts for both the product 
development cycle and the product itself. For example, it can result in better 
concept design and material savings for the fi nal design, optimized based on 
data from a larger pool of potential users than would be available using classic 
marketing research methods. 

 This real- time simulation benefi t type could be common in companies that 
have a complex and expensive production process ( cf.,  B é langer  et al. ,  2010 ; 
Jaiswal  et al. ,  2019 ). Factories that are responsible for developing agricultural 
machinery, for instance, invest a lot of eff ort and resources during the model 
development process. A tool that can minimize risk and optimize test machine 
settings before building the actual machine would be welcome. 

 This is how real- time simulation can be utilized during the R&D process. 
It has proven to be an eff ective tool for machinery design, because the simula-
tion model makes it possible to quickly understand how a machine’s dynamic 
behaviors are aff ected by changing design variables. It can replace experi-
mentation and consequently accelerate product development. Mevea ( 2018b ) 
discussed that virtual prototyping in real- time simulation achieves signifi cantly 
shorter lead times and decreases the cost of prototyping by reducing the need 
for numerous physical prototypes. It also tests the individual components of the 
product, how it performs in its environment, and how well it carries out the 
tasks it was designed for. 

 Operator experience is also critical when considering the dynamic perform-
ance of a machine. Real- time simulation gives a machine operator the oppor-
tunity to actively engage with a machine in operation, so the training simulator 
should feel and behave as realistically as possible. This is only possible if the real- 
time simulation model accurately accounts for the multiphysical behaviors of 
the mechanical components in response to actuations and correctly represents 
contact behaviors in accordance with control algorithm instructions.  

  14.5.2     Applying real- time simulators in training 

 Real- time simulation techniques are also being used to develop advanced 
operator training simulators. Compared to traditional training methodologies, 
simulation- based user training provides a number of advantages. Mevea ( 2018a ) 
indicated that simulation could be used to generate training data, as well as to 
test solutions that can be used after training in various scenarios. For example, 
as operators are being trained, real- time simulation gives them experience in 
likely operating environments subject to a variety of adverse environmental 
conditions such as wind, rain, or fog. In every case, the simulator can let the 
operator experience how the machine “feels”. 

 Accidents or injuries to personnel or property that might otherwise occur 
when an inexperienced operator learns on an actual machine can also be 
avoided. Moreover, the simulator can be used to take operators through various 
accident scenarios and instruct them on the most appropriate responses. This 
application is most benefi cial for high- risk jobs. For example, the Finnair Flight 
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Academy uses real- life simulation to train its pilots and crew members, who are 
responsible for the safety of their passengers (Finnair Flying Academy, 2018). 
With this technology, they are able to simulate the physics, the fl ying process, 
the fl ying system, and the environment. Therefore, training the operators of 
hazardous systems with zero possibility of negative consequence is where real- 
time simulation is needed the most, because it provides actual experience with 
genuine real- time data to prevent accidents. 

 Further, traditional training processes require real machines that could other-
wise be applied to productive service. Using real- time simulation in the training 
process frees up real machinery to carry out its intended purpose. Simulation- 
based user training makes it possible to carry out productive revenue- generating 
work while simultaneously saving costs and eliminating adverse environmental 
impact.  

  14.5.3     Applying real- time simulators to predict faults 

 In the extant literature, most real- time simulation- related articles focus on 
computational aspects or purposes, such as developing systems and software 
algorithms. Little attention is given to problem- solving aspects (De Souza  et al. , 
 2014 ). Some researchers have even discussed the use of simulation to conduct 
real- time tests. De Souza  et al.  ( 2014 ) explained that these tests would help 
develop new embedded algorithms and control techniques for dynamic systems 
such as motors, industrial processes, automobiles, and aircrafts. On the other 
hand, real- time simulation can also be used subsequent to machine introduc-
tion to improve value- chain processes including design, production, and even 
aftersales services. 

 Trcka and Hensen ( 2010 ) mentioned that real- time simulation can also be 
applied to make production processes more fl exible. They were able to prove 
that real- time simulation tools can be used during machine operation to pre-
dict and monitor performance and detect and identify abnormalities in system 
behavior. 

 In their studies, real- time simulation enabled the system to predict machine 
errors, a benefi t in the R&D stage and a way to improve machine operation 
in service. For instance, machine faults can be monitored to predict when a 
machine might break down. To prevent such an event, maintenance could be 
carried out in advance. This preventative maintenance would save time and eff ort, 
and most importantly, enable the machine to continue performing productive 
revenue- generating work for longer. The company would not be exposed to 
an unforeseen breakdown. This is why companies are moving toward predictive 
maintenance based on real- time simulation ( cf.,  CIMdata, 2018). 

 Mattera  et al.  ( 2018 ) explained how simulation can be used to reduce energy 
consumption by predicting faults as well. The simulation in this case would be 
used to predict the optimal amount of used energy during diff erent environ-
mental conditions so that any deviation from the optimal case would be noted 
to maintain sustainable and environmentally friendly consumption.  
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  14.5.4     Applying real- time simulators in services 

 Outsourcing is a growing business trend that began with the outsour-
cing of elements of the manufacturing process (H ä t ö nen and Eriksson, 
 2009 ). It has continued to include other business functions, such as human 
resource management and R&D. Many multinational enterprises, such as PC 
manufacturers, outsource all their major technology requirements, implying 
that technology is not seen as key to their success or a necessary core com-
petency (Buckley,  2011 ). More value can be created by other activities such 
as building a brand. 

 The market research agency Research & Markets ( 2015 ) actually forecasted 
an 8.1% annual growth in R&D outsourcing from 2015 to 2019. Another key 
reason for this outsourcing development trend is virtual R&D, which off ers 
benefi ts such as cost effi  ciency and reduces heavy internal R&D investment 
risk. However, virtual R&D is also a specialized activity. As a result, there is 
room for R&D-  and innovation- shrewd companies to provide virtual environ-
ments and simulator- driven processes to their customers. 

 An R&D company can collaborate with a machine manufacturer and pro-
vide the necessary user data collection and testing. Additionally, it may not be 
cost effi  cient for every company to develop expertise in market research or to 
integrate product development processes, because their new product releases 
may be infrequent. A company specializing in providing these services could 
thus benefi t from economies of scale and more- established knowledge bases, 
making this business model a tempting option. Real- time simulation methods 
could be used for market research as several test users can try virtual models 
effi  ciently. 

 One example of outsourced R&D is the pharmaceutical testing for Food 
and Drug Administration (FDA) approval in India. Due to lower costs and an 
abundant educated workforce, many Indian fi rms have begun to off er ser-
vices to Western pharmaceutical companies (Manavalan and Sinfi eld,  2017 ). 
Information technology and protocol standardization allow drug testing to be 
performed in a way that is more cost- optimized. This has given rise to a multi-
tude of companies that specialize in a particular phase of the drug development 
R&D process. 

 Similarly, by focusing on real- time simulation technologies, companies can 
off er outsourcing services in a particular segment, such as heavy vehicles and 
machinery, that include events in which customers and users participate in the 
development process. From these events, the manufacturer can receive market 
data and valuable knowledge regarding potential customers’ preferences.  

  14.5.5     Applying real- time simulators in sales and marketing 

 Schneider and Hall ( 2011 ) reported that the “biggest problem” in a prob-
lematic new product launch is “lack of preparation”. They suggested that 
because companies are often so focused on designing and manufacturing new 
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products, they do not put enough early eff ort into marketing. An immediate 
and more realistic idea of diff erent value drivers becomes available by introdu-
cing community- based, real- time tools that simulate real- world functionality 
for potential customers. Simulation can substitute for real observation and can 
provide expansive realistic data. This information on how potential users may 
cope with diff erent situations can then help marketeers and salespeople opti-
mize products for their intended customer base. 

 A product with a catalogue of value- creating features serves as a practical 
example of using simulation to enhance marketing and sales. For example, a 
car dealer could use a simulator to give potential customers the opportunity to 
test the eff ects of a car’s various available options (e.g . , a more eff ective engine). 
The ease with which customers could try out these extras in real- life scenarios 
may result in more of them being sold, which results in a better bottom line for 
the dealer. Simulations can also provide information about intangible attributes, 
such as feel, which are less frequently addressed in customer surveys. This would 
also lead to cost savings for the car dealer, who would be able to stock fewer 
cars for test drive purposes. 

 In general, the advantages for marketeers and salespeople can be found in 
customer value analysis, user training, and product demonstrations. Real- time 
simulation lets more people participate in the testing phase, as well as in fur-
ther phases of the product development lifecycle. This provides information for 
various marketing activities and market research. Simulation data can also be 
“topped up” with interviews after the simulation itself, where user behavior can 
be observed in real time by the marketeer. Furthermore, marketeers may be able 
to develop their market information capabilities, i.e . , the processes by which 
fi rms can learn about markets and apply this market knowledge along the way 
(Vorhies and Morgan,  2005 ).  

  14.5.6     The eff ect of real- time simulation on business models 

 The aforementioned eff ects of real- time simulation on the value chain will result 
in changes to the overall business model. If real- time simulation is used during 
the development process, for example, it aff ects eff ort and time, because the 
simulation reduces the need for physical prototyping and therefore aff ects cost 
and resource demand. The business model presents a way for the business to cap-
ture value and deliver it to customers. In this way, the business model is similar to 
the value chain, which aims at pinpointing the actions that add value to products. 

 Financial resources are required to begin applying real- time simulation. In 
addition, to bring on any new technology, a company must add expertise for 
that technology to its workforce. So, to ensure continued competitiveness by 
introducing real- time simulation, a company must not only commit fi nancial 
resources, but it must upgrade its human resource as well. 

 The business model would also face some changes regarding key company 
activities. When it starts using real- time simulation, more data can be gathered 
from operating machines, leading to more possibilities to incorporate activities 
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that benefi t from this data. For example, it becomes possible to provide accurate 
aftersales services by predicting faults using real- time data. Another way simu-
lation can aff ect business activities is providing training services for employees 
or customers. 

 Combining the gains of real- time data, some B2B companies could benefi t 
from certain partnerships with other fi rms that provide services with these data, 
so real- time simulation provides opportunities to network and cooperate with 
other partners, which will improve business processes and subsequently the 
value proposition for customers. 

 The value proposition could be the most aff ected block of the business 
model canvas, because many real- time simulation benefi ts transfer to the cus-
tomer. One of these benefi ts is providing the customer the opportunity to give 
feedback and participate in developing products and services so that value can 
transfer to a wider audience. Predicting faults, training, and maintenance could 
be enhanced with real- time simulation, thus building more value to pass on as 
part of aftersales services. Real- time simulation makes it possible to track data 
throughout the product lifecycle, leading to greater customer benefi t. 

 The ability to share real- time data enabled by real- time simulation can 
enhance a company’s relationship with customers as they become more 
involved during diff erent processes –  from R&D to when the product or ser-
vice is in their hands and being consumed. Being able to track the data through 
the product lifecycle may increase customer trust and loyalty to the company 
and make them feel safer.  2   

 As a company introduces real- time simulation, the customer base could be 
divided into those who favor utilizing such a new innovative technology and 
those who do not. This technology could also add new segmentation according 
to the demand for the services and benefi ts presented by real- time simulation. 
If the company targets one or more of the previously mentioned segments, the 
new technology will generate a new type of customer interested in the benefi ts 
that real- time simulation has to off er before and after the buying action. For 
instance, customers may be interested in the data collected from their purchased 
machines and may want to use the data for diff erent purposes to achieve their 
goals in predicting faults, reducing costs, or optimizing performance. 

 Company stakeholders could communicate and share real- time data as well. 
This will necessitate new and eff ective communication channels to distribute 
information between company headquarters and its dealers. As for physical 
channels, simulation could optimize distribution channels to cover as much 
area as possible with the right timing and portfolio of products introduced as 
needed. If real- time storage and vehicle status data is available, the company 
could further optimize its distribution channels, because accurate input data 
will help the simulation to model the situation in more detail. 

 All of these real- time simulation benefi ts will eventually aff ect company rev-
enue both directly, by adding more activities and services to the business model 
or more value to propositions and optimizing off erings (which could increase 
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sales), and indirectly by decreasing costs during R&D, marketing, and other 
value chain processes.   

  14.6     Discussion and conclusions 

 Real- time simulation is a complicated concept for non- specialized managers, 
and they must properly understand its functions and applications to correctly 
use it throughout the business process model and reap its full benefi ts. 

 This chapter presented some of these applications in diff erent value chain 
activities such as R&D, product development, and marketing. Notably, advanced 
simulation technologies make it possible to describe increasingly complex mech-
anical systems, so the potential benefi ts and uses of these technologies should 
be considered. When the R&D and in- house product development functions 
of manufacturing companies are already making use of real- time simulation 
techniques, a starting point for many, it may also mean that it is time for them 
to proactively consider developing future real- time simulation skills to enhance 
their market research and customer interface management competencies. 

 Real- time simulation clearly off ers advantages. Simulations can lead to 
higher success rates for new product launches, as well as cost savings. However, 
an R&D operation and product development model based on real- time simu-
lation requires manufacturers to upgrade their capabilities. For example, they 
must bring on new skills to manage various stakeholders. Required marketing 
capabilities may also relate to the product development processes, for instance, 
by which fi rms develop and manage product and service off erings and market 
information management (Vorhies and Morgan,  2005 ). 

 Marketing and sales can also benefi t from virtual environments. In a survey 
focusing on the success factors of Israeli high- tech startups; product perceived 
utility, comprehensive market knowledge, reliable marketing plans, and the 
marketing and R&D relationship were considered to be important (Chorev 
and Anderson,   2006 ). Properly integrating real- time simulation with marketing 
and sales activities can lead to improvements for all these factors. 

 As customers are able to test a product in a virtual environment, they are able 
to experience its diff erent utility benefi ts. At the same time, marketing and sales 
personnel are able to learn more about the marketplace, that is, their existing 
and potential customers. This learning should lead to more reliable marketing 
plans that match targeting, segmentation, and unique selling propositions. 

 Training as a value- added service may also become more integral in product 
off erings, which would increase sales. If this information, stemming both from 
simulation and face- to- face interactions with users, can be communicated to 
R&D via functioning market information management systems, the added 
value from marketing and sales activities can be used to enhance the entire 
R&D and product development process. Therefore, the marketing and sales 
tactics required for various customer segments must still be considered inde-
pendently, because experience and usage needs may diff er segment by segment. 
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 Using real- time simulations for various purposes can also be a challenge 
for companies. For example, the large pool of data stemming from simula-
tion users may be diffi  cult to digest. As a result, the outsourcing of simula-
tion activities might be a viable option for many manufacturing fi rms, which 
provides opportunities for other companies to master this part of the product 
development process in the value chain. For the R&D fi rms that may get the 
contracts though, there may be a need to upgrade capabilities in relationship 
management. 

 This chapter presented the possible uses of real- time simulation for diff erent 
aspects of the value chain, starting from product development and continuing 
through customer receipt. Mevea ( 2018c ) discussed the possibility of ana-
lyzing machine usage data with digital twins to gain valuable insights into 
product behavior. This enables operators and consulting companies to fi nd 
ways to improve machine use. Training as a part of customer service or internal 
training could both benefi t from simulated scenarios in diff erent environments. 
Predicting faults, in the R&D phase or during machine operation, is another 
benefi t that real- time simulation can provide that saves time and resources. 

 Aiming to guide managers and increase awareness of this new technology 
and how it aff ects business models, this chapter also mentioned the use of real- 
time simulation during the R&D, sales, and marketing phases, as well as for 
after- sales service. Ultimately, real- time simulation was found to impact each of 
the nine blocks of the business model canvas. Still, changes in business models 
may diff er depending on the industry and the market. This chapter accordingly 
displayed a general idea that can be adjusted to match a company’s situation 
at hand. 

 As for future research, it would be benefi cial to further explore the benefi ts 
of the data gathered by real- time simulation, how it may aff ect machine 
learning, and how real- time simulation in the value chain can aff ect diff erent 
business model blocks. Artifi cial intelligence is being used on a larger scale, 
which is encouraging more research on the subject. According to Gartner 
( 2018 ), 14.2 billion connected things will be in use in 2019. That total will 
reach 25 billion by 2021, producing an immense volume of data. Therefore, 
these data are driving the growth of artifi cial intelligence, leading to the greater 
possibility of its use in real- time simulation to teach smart machines that are 
capable of learning. 

 Another possibility for further research would be to specify the eff ect and 
use of real- time simulation in certain industries to explore how it can increase 
variety or give stability to the industry employing this technology.   

   Notes 

     1     A business ecosystem can be defi ned as the “organisms of the business world –  
including stakeholders, organizations, and countries –  involved in exchanges, pro-
duction, business functions, and … … trade through both marketplace competition 
and cooperation” (see Hult  et al. ,  2020 , p. 44).  
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     2     Brettel  et al.  ( 2014 ) point out that one key obstacle to the establishment of close collaborations 
between companies is the absence of trust: This stems from the fact that many managers are not 
used to share critical information with other companies.   
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a b s t r a c t   

Digitalization has disrupted how organizations collaborate and compete resulting in the development of 
new collaborative value-creation networks such as the Digital Business Ecosystem (DBE). A literature review 
shows that DBEs are being studied by various scholars from different perspectives in manufacturing. Digital 
Business Ecosystem is studied in many contexts in manufacturing, and it is creating both opportunities and 
challenges for manufacturing. By providing a systematic literature review of the prerequisites, challenges, 
and benefits of DBEs for manufacturing, this paper helps to alleviate this shortcoming and reveals how 
digital business ecosystems can dramatically impact the industry. A total of 149 research journal articles 
were included in this literature review, which uncovered nine prerequisites, eight challenges, and eight 
benefits for DBEs and led to five trends for future study. Also noted are practical issues that managers who 
work in manufacturing DBEs should address. 

© 2022 The Author(s). 
CC_BY_4.0   

Introduction 

Digitalization is disrupting traditional business models and re-
shaping organizational structures (Tripsas, 2009; Yoo, 2010; 
Brouthers et al., 2016) [186]. And to better understand digitalization 
as a phenomenon, scholars have increasingly begun to examine di-
gital ecosystems [121,141,20], digital business ecosystems [142] and 
digital platforms (Boudreau, 2012; Reuver et al., 2018). 

Digitalization phenomena are being studied from a number of 
different perspectives and discussed using a variety of nomen-
clatures. Information Systems (IS) scholars are studying what they 
call digital platforms (Tiwana, 2014) [120]. Economics scholars talk 
about two-sided and multi-sided markets [18,134] (Evans and 
Schmalensee, 2013). Management scholars refer to ecosystems in-
stead of either platforms or markets. Management literature studies 
have explained what business ecosystems are [73,106], how in-
novation occurs in business ecosystems [16,3,4] and how these affect 
competitive advantage (Sanders 2007) [170]. 

As Reuver et al. (2018) pointed out, there are various definitions 
for a Digital Ecosystem (DE) and a Digital Platform (DP). This study 
views the DE as analogous to a biological ecosystem. Just as a bio-
logical ecosystem enables life, the DE is an enabler in the digital 
world. Inspired by its natural counterpart, a digital ecosystem is 
defined as a distributed, adaptive, and open socio-technical system 
with the properties of self-organization, scalability, and sustain-
ability [20]. 

Digital ecosystems are of no value if not part of a Business 
Ecosystem (BE). Moore first introduced the concept of a business 
ecosystem in 1993 [106]. In 1996, he described it more precisely as 
follows. “An economic community supported by a foundation of in-
teracting organizations and individuals – the organisms of the business 
world. This economic community produces goods and services of value 
to customers, who are themselves members of the ecosystem. The 
member organism also includes suppliers, lead producers, competitors, 
and other stakeholders. Over time, they coevolve their capabilities and 
roles, and tend to align themselves with the direction set by one or more 
central companies. Those companies holding leadership roles may 
change over time, but the function of ecosystem leader is valued by the 
community because it enables members to move toward shared visions 
to align their investments, and to find mutually supportive roles.” 
(Moore, 1996: 26) 
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On its own, the business ecosystem is no longer sufficient to 
ensure success in manufacturing. The approach has nearly run its 
course, and its survival depends on successful integration with the 
digital ecosystem. Combining business and digital ecosystems re-
sults in new collaborative organizational networks that are referred 
to as Digital Business Ecosystems (DBEs) (Stanley et al., 2010) [142].  
Fig. 1 illustrates. 

The DBE is an extension of Moore’s [106] business ecosystem in 
which digital platforms play a dominant role. Digital platforms are 
technological infrastructures that allow member firms to develop, 
configure, and deliver advanced services efficiently and on an un-
precedented scale [130,186,51]. The companies that have leveraged 
digital platform business models have grown dramatically over the 
past decade [49]. For example, Apple, Microsoft, and Amazon are the 
most valuable companies in the world today [31]. At the same time, 
many manufacturers are struggling with how they can leverage di-
gital platforms [86]. 

In the manufacturing literature, Digital Business Ecosystem is 
studied in many contexts. To upgrade traditional manufacturing, 
Smart Manufacturing (SM) has been studied [80,91,138] (Wang et al., 
2021). The goal of SM is to have fully integrated, collaborative 
manufacturing systems that meet changing demands and conditions 
in real time in the factory, in the supply network, and in the mar-
ketplace satisfying customer needs [80,111]. Industry 4.0 is usually 
referred to as Smart Manufacturing. 

Additionally, Industry 4.0 fundamental ICT infrastructures enable 
the application of higher-level technologies such as Artificial 
Intelligence (AI) [187,6,78,94] (Reinhardt et. al., 2020). Its main 
purpose is to enhance, extend, and integrate production processes at 
intra- and inter-enterprise levels [64,184]. To enhance network 
connectivity between enterprises, Smart Production Networks are 
being studied [149,163]. In Smart Production Networks, connected 
SM systems can respond in real time to dynamic changes in local 
production systems and external supply chains [96]. 

Studies about Digital Twins (DT) and how they are used in 
manufacturing have been of high interest [70,95,127,159,175] (Tao 
et al., 2017A). A DT is a digital representation of a real-world system 
or entity. The Internet of Things (IoT) is needed to provide the con-
text to a DT (Tao et al., 2017B; [25], [79]. There are also many studies 
about DT applications in a manufacturing context. Bao et al. [15] 
proposed an approach for DT modeling and operation for shop-floor 
manufacturing and scheduling. Park et al. [118] designed and im-
plemented a DT to solve problems of personalized production and 
distributed manufacturing systems. Tao and Zhang (2017A) studied 
the concept of a DT shop floor, which defined four components: the 
physical shop-floor, the virtual shop-floor, the shop-floor service 
system, and shop-floor digital twin data. Rosen et al. [135] presented 
how a DT is transforming a cyber-physical production system from 
to a nonautonomous to an autonomous system. Cheng et al. reported 
that in Digital Business Ecosystems, the DT can bring about full 
value-chain collaboration in collaborative product development, 
collaborative manufacturing, operations, and maintenance [26]. 

There are also studies about Industrial Internet Platforms (IIPs)  
[65,173,174]. IIPs manage the interaction between physical and cyber 

components. They are core to the operation of industrial systems  
[173]. Wide-ranging IIP work has been carried out by GE Predix, ABB 
Ability, Siemens MindSphere, PTC ThingWorx, etc. The GE strategy 
for the Predix platform is for it to be a cloud-based operating system 
for manufacturers. GE wants its platform to become for machinery 
what Android is for smartphones [177]. The Predix platform gives 
manufacturers a better understanding and advanced analytics to 
continuously improve processes [177]. The ABB Ability platform 
enables data-driven decision making (Ability, 2021). MindSphere 
connects about a million devices and systems to provide predictive 
maintenance services for the devices (Petrik and Herzwurm, 2019). 
PTC ThingWorx is an industrial innovation platform that focuses on 
harvesting data and delivering valuable insight to users [96]. 

Lately Volkswagen, Amazon Web Services (AWS), and Siemens 
have introduced an Industrial Cloud solution to connect 18 locations  
[9]. The plan is to allow other companies, such as suppliers, to in-
tegrate into the cloud in the future. This Industrial Cloud solution is 
the basis for achieving more efficient processes and increased pro-
ductivity. It makes it possible for partners to provide software ap-
plications directly to manufacturing plants. With respect to 
application development, one location can be highly scalable be-
cause there are more than 100 locations of the Volkswagen Group. 
Moreover, the solution can also be offered to the automotive in-
dustry at large. 

The availability of Smart manufacturing, Industry 4.0, Industrial 
Internet Platforms, Digital platforms, and Digital Twins in Digital 
Business Ecosystems makes it possible to exploit Digital 
Servitization. Digital Servitization can enable radical changes in 
manufacturing [146,147] enabling companies to shift from a pro-
duct-centric to a service-centric business model (Kowalkowski et al., 
2017A). Digital Business Ecosystem is studied in many contexts in 
manufacturing, and it is creating both opportunities and challenges 
for manufacturing. By providing a systematic literature review of the 
prerequisites, challenges, and benefits of DBEs for the manufacturing 
industry, this paper aims to alleviate this shortcoming and reveal 
how digital business ecosystems can impact manufacturing. The 
research questions that guided the literature review are as follows. 

RQ 1. What are the prerequisites for a digital business ecosystem 
in manufacturing? 

RQ 2. What are the main challenges facing a digital business 
ecosystem in manufacturing? 

RQ 3. What are the main benefits coming from a digital business 
ecosystem in manufacturing? 

The following paragraphs describe the detailed steps of the ap-
plied research approach. This is followed by a section that presents 
the findings of the research in regard to each of the above research 
questions. Section 4 proposes ideas for follow-on research, and the 
final section discusses how the study contributes to the field and 
draws conclusions. 

Research approach 

Scopus was used to find relevant articles about digital business 
ecosystems for manufacturing. Table 1 lists the initial limits placed 
on the search results. Only published articles from journals in Eng-
lish were searched. For this initial screening, the search produced 
44,3 million hits. 

Fig. 1. Digital ecosystem, business ecosystem, and digital business ecosystem 
alignment. 

Table 1 
First limits in Scopus search.    

Limiting type   

Publication stage Final 
Document type Article 
Source type Journal 
Language English 
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A second layer of limitation was applied by only searching for 
articles that included forms of platform and ecosystem in the title, 
abstract, or list of keywords. The wildcard (*) was added to assure 
that all forms of each would be found. The entry in the search was 
*PORE* = *platform* OR *ecosystem*. As Table 2 shows, there were 
over 570 thousand hits. Almost 300 thousand of these came from 
searching for *platform* and 271 thousand from searching for *eco-
system*. 

Additional keywords (industry, service, and digital) were then 
added to further narrow search results, again using the (*) wildcard 
to find all forms of the words. For example, industry was entered as 
industr*. The 2nd search looked for *PORE* with the keyword industry 
or the keyword service, which reduced the number of hits to just 
over 72 thousand. 

Because the keyword ecosystem resulted in numerous hits from 
journals that target non-industrial topics such as nature, the ecology, 
natural materials, environments, energy, etc.; a third layer of lim-
itations was added to the search criteria. Subsequent searches were 
designed to target more relevant journals. Seven new keyword ca-
tegories were defined to establish this journal relevancy: informa-
tion, operation, strategy, innovation, product, service, and business. 
These were used to search journal titles. See searches 5 through 24. 
The specific keywords used were as follows.  

• Information – Information management, information systems, 
information technology  

• Operation – Operations management  

• Strategy – Strategic management  

• Innovation – Innovation management  

• Product – Product and production  

• Service – Service and servitization  

• Business – Business management 

Fig. 2 illustrates the steps of the search process. Searches were 
divided into two groups, those with 200 hits or less and those with 
greater than 200 hits. The journal abstracts were read for the first 
group (≤200) to determine if the articles seemed to be relevant to 
this study. For the second group, a second search of the titles and 
abstracts of the > 200 hits was carried out with the additional 

keyword digital added. The results of this second search were also 
divided into two groups, those with 40 hits or less and those with 
greater than 40 hits. 

For the first group (≤40), the results were ignored. Instead, the 
abstracts of the 200 most cited articles from the search made before 
applying the keyword digital were read to determine if they were 
relevant. For the second group (> 40), the abstract of every article 
found was read to determine those relevant to this study. 

Completing all the search process steps left a total of 304 relevant 
articles. After removing duplicates, the number dropped to 264. Each 
of these articles was read to reveal if they addressed one of the 
previously presented research questions. After eliminating those 
that did not, the total number of useful articles dropped to 115. 
Divided up by journal title category keyword, there were 28 in-
formation, 13 operation, 19 strategy, 9 innovation, 18 product, 13 
service, and 15 business articles. 

In even a systematic literature search, it is likely that not all 
important works are found. Nonetheless, these works should not be 
ignored. Therefore, snowball sampling [13] was also applied to 
identify and analyze expertize and potential articles in the field of 
digital business ecosystems in manufacturing. In line with the 
overall strategy in selecting and analyzing literature, the snowball 
sampling procedure relied on a thorough reading and understanding 
of candidate works rather than on a cutoff crieria for inclusion or 
exclusion. Identifing the experts in the field and becoming familiar 
with their studies as well as their sources made it possible to re-
cognize and apply many new keywords. Additional searches were 
conducted on Scopus and Google Scholar using keywords such as 
Smart Manufacturing, Industry 4.0, Smart Production Networks, 
Digital Twins, Industrial Internet Platforms, and Digital Servitization. 
Snowball sampling identified 33 new and relevant articles that were 
included in the study increasing the total number of articles to 149. 

Findings 

The candidate articles were read and any findings in the articles 
were tagged according to the three research questions addressing 
prerequisites, challenges, and benefits. There were an impressive list 
of relevant findings. Each item classified under each research 

Table 2 
Scopus searches (*PORE* = *platform* OR *ecosystem*).          

Search Keywords (title-abstract-keywords) Journal title Hits Act Abstract Hits  

1. *PORE*    573388   
2. *PORE* AND Industry OR service  72147   
3. *PORE* AND Industry  30918   
4. *PORE* AND Service  45167   
5. *PORE* AND Industry Information 144 Proceed 37 
6. *PORE* AND Service 464  
7. *PORE* AND Digital AND service 54 Proceed 
8. *PORE* AND Industry Operation 21 Proceed 45 
9. *PORE* AND Service 81 Proceed 
10. *PORE* AND Industry Strategy 94 Proceed 28 
11. *PORE* AND Service 112 Proceed 
12. *PORE* AND Industry Innovation 96 Proceed 20 
13. *PORE* AND Service 154 Proceed 
14. *PORE* AND Industry Product 268 Proceed 79 
15. *PORE* AND Digital AND industry 21  
16. *PORE* AND Service 547 Proceed 
17. *PORE* AND Digital AND service 12  
18. *PORE* AND Industry Service 161 Proceed 44 
19. *PORE* AND Service 1473  
20. *PORE* AND Digital AND service 62 Proceed 
21. *PORE* AND Industry Business 268  51 
22. *PORE* AND Digital AND industry 43 Proceed 
23. *PORE* AND Service 325  
24. *PORE* AND Digital AND service 40 Proceed     

Final hits 304     
Final hits without duplicates 264 
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question was read again and many articles were reviewed a second 
time. Upon completion of the review process, the discovered pre-
requisites, challenges, and benefits for successful DBE implementa-
tion in manufacturing were compiled and are presented in this 
paper. 

Main prerequisites for DBE in manufacturing 

Table 3 summarizes the findings classified under the research 
question “What are the prerequisites for a digital business eco-
system in manufacturing?” The table itemizes the prerequisites and 
gives a definition for each. Each item is defined more comprehen-
sively in the paragraphs that follow the table. 

Prerequisite 1: Business ecosystem 
The Digital Business Ecosystem (DBE) is an extension of Moore’s  

[106] business ecosystem. A business ecosystem is a set of inter-
acting entities, organizations, and individuals that build their cap-
abilities and roles and rely on one another for their overall 
performance and survival [71,106]. Business ecosystems don’t 

emerge just spontaneously [73]. The BE is one of the necessary layers 
in a DBE [150]. A DBE can only emerge in a business ecosystem in 
manufacturing. 

Prerequisite 2: Digital ecosystem 
The digital ecosystem is a second layer needed in a DBE [150]. It 

plays a crucial role. The DE provides the digital technical capabilities 
that enable the development of a digital business ecosystem in 
manufacturing. In other words, without DE it would be impossible to 
fully utilize the benefits of digital technologies such as Artificial 
Intelligence (AI), Digital Twins (DT), Industrial Internet Platforms 
(IIPs), Big Data, Machine Learning, and Digital Servitization. 

Prerequisite 3: Digital platform(s) 
The presence of a digital ecosystem and business ecosystem in 

manufacturing alone does not enable member cooperation in a DBE. 
There must also be a digital platform. A DP is the technological in-
frastructure that enables the efficient development, configuration, 
and delivery of advanced services [51,186]. The digital platform also 
establishes multi-sided markets that bring actors together [46,185] 

Fig. 2. Searching process steps.  

Table 3 
Prerequisites for a digital business ecosystem in manufacturing.     

Prerequisites for DBE Definition References  

1. Business ecosystem BE is one layer in a DBE. Moore (1996) [106], Stanley et al. (2010), Jacobides et al. [73] 
2. Digital ecosystem DE is one layer in a DBE. Briscoe [20] 
3. Digital platform(s) DPs enable DBE members to enhance DBE performance, 

innovate, collaborate, deliver services and give vision to 
manufacturing asset through DT 

Meyer et al. (2001), Gawer et al. (2008), Franco et al. [51], Yoo 
et al. [185], Ransbotham et al. (2011), Yoo et al. [186], Evans et al. 
(2016), Lu et al. [95] 

4. Digital platform acceptance from 
the DBE members 

Without acceptance by the members, DPs are useless. Gawer et al. (2008), Fuller et al. (2020) 

5. Members interacting 
through DPs 

Members active role needed in DPs to gain benefits of DBE. Adner [4], Peltoniemi [123], Teece [160], Senyo et al. (2018), Tao 
et al. [158] 

6. DP requires strong leadership Strong leadership increases the chance to succeed and adapt to 
changes. 

Iansiti et al. (2004), Williamson et al. (2012), Clarysse et al. [29], 
Teece [161], Greve et al. (2017) 

7. DP must offer value for the 
members. 

Increasing members value in DP will also boost its adoption. Pfeffer [122], Wernerfelt (1989) 

8. Easy access to DP membership A lower entry-point for members minimizes expansion risks at 
all levels and layers. 

Cusumano et al. (2002) 

9. Trust Trust can be the highest barrier to success of DBE. Wiedmann et al. [182], Tao et al. [158] 
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and provide members the opportunity to enhance DBE performance, 
innovate, and collaborate [141]. A DBE may involve multiple plat-
forms at different levels [161]. 

The digital twin can play a role as part of the digital platform. It 
gives vision to Smart Manufacturing and Smart Production 
Networks. With better information from manufacturing, DBE 
members can improve situational awareness and enhance opera-
tions [95]. The digital twin can even be considered a must for 
manufacturing. Without a clear view of the information model for a 
physical entity, data transmitted can lose meaning and context in 
cyberspace [95]. 

Prerequisite 4: Digital platform acceptance from the DBE members 
Regarding the role of the DP in a DBE, Gawer and Cusumano 

(2008) argued that not all digital platforms can become industry 
wide. A digital platform must gain acceptance from the DBE mem-
bers in manufacturing. To earn this acceptance, the DP must (1) 
perform a function that is essential to the broader technological 
system and (2) solve a business problem for a significant percentage 
of firms and users in the manufacturing industry (Gawer and 
Cusumano, 2008). There are multiple reasons for not accepting a 
digital platform related to challenges presented in Chapter 3.2. For 
example, since members focus on the benefits of the DP and assume 
it instantly saves time and money, they can have very high ex-
pectations, which may not be realized (Fuller et al., 2020). 

Prerequisite 5: Members interacting through DPs 
The digital platform in a DBE should be developed to solve cur-

rent essential technical problems [102]. However, as nothing more 
than a technological infrastructure, the DP cannot bring DBE benefits 
without the committed engagement of members in manufacturing. 
To provide insight into Smart Manufacturing and Smart Production 
Networks, DP data must be open to DBE members. Otherwise 
members will continue to work in silos, ruining the benefits of the 
DBE. Openness of the platform, trust, and security are the main 
reasons for restricting members to use the platform [158]. 

Therefore, DBE members play a key role in implementing a 
successful digital platform. To create value and fully exploit a DBE, 
members must cooperate. The literature does not clearly define the 
point when a BE becomes a DBE. The critical point is probably when 
the digital platform(s) is opened to BE members and the main DBE 
characteristics become evident. 

The main characteristics born along with DBE implementation 
are symbiosis, co-evolution, and self-organization (Senyo et al. 
2018). Symbiosis influences the interdependences of the DBE part-
ners, processes, and technologies (Senyo et al. 2018). It leads to sy-
nergy between entities and co-creates value. According to Adner [4], 

co-creation of value is much more effective than single-organization 
value creation. Therefore, it is important for organizations to com-
bine their strengths and weaknesses for a greater value proposition 
in manufacturing. 

Co-evolution refers to how a DBE transforms from one stage to 
another (Moore, 1996; Senyo) [90]. Transformation takes place when 
one or two key DBE members recognize new opportunities or 
threats. Other interdependent members also must adapt to the 
changes in manufacturing. Teece [160] claimed that co-evolution 
occurs in a business ecosystem when one individual influences 
others to cooperate to achieve an objective that cannot be achieved 
by one person alone. This is equally true for the DBE. Overall, the 
evolution of a DBE is different from the evolution of other organi-
zational networks. In other networks, individual organizations can 
transform without help from outsiders. Self-organization refers to 
the DBE’s ability to learn from its environment events (e.g., new 
requirements, opportunities, or threats) and accordingly respond to 
environmental changes [123] in manufacturing. 

Prerequisite 6: DP requires strong leadership 
The digital platform of a DBE must have strong leadership in 

manufacturing. The more powerful firms in a business ecosystem are 
most likely to succeed in forming and leading digital platforms 
(Greve et al. 2017). The keystone company’s role is to ensure that 
each member of the DBE remains in good health [29]. 

The Norwegian oil industry built a digital platform to serve their 
digital business ecosystem across company boundaries. The strong 
leadership there probably came from the government. The critical 
success point was to create a stand-alone network and shared digital 
platform where members can share data and cooperate (Liyanage 
et al., 2006). Data sharing, communication, and operations improved 
significantly via the digital platform. Liyanage and Langeland (2008) 
estimates that this transformation process will give the Norwegian 
oil industry a savings of 30% in operating costs and increase the 
efficiency of oil exploitation by 10%. 

Prerequisite 7: DP must offer value for the members 
If a hosting firm wants to profit from external resources owned 

and controlled by other businesses, the host must offer something 
valuable in exchange [122] (Wernerfelt, 1989). Today, this means the 
digital platform owner must offer value to encourage members to 
join the digital platform in manufacturing. A DP usually relies on the 
technological leadership of the one or two firms that provide the 
platform [162]. DBE members can provide other members con-
structive input and useful complementary goods and the opportu-
nity to align investments and strategies. Company members that aim 
to become digital platform leaders in a digital business ecosystem 

Table 4 
Challenges for DBE in manufacturing.     

Challenges for DBE Definition References  

1. Launching DP for a 
successful DBE 

The typical chicken-and-egg problem, SM challenges, 
information integration, costs, required effort to 
create DT 

Parker et al. (2010), Evans and Basole [48], Parker et al. (2020), Gawer et al. 
(2013), West et al. [180], Uysal et al. (2021), [173], Fuller et al. (2020), Qi et 
aal. (2020) 

2. DBE is a new environment DBE is a new and complex landscape with both 
competition and collaboration. 

Iansiti et al. (2004), Gawer et al. (2013), Srinivasan et al. (2018), Aarikka- 
Stenroos et al. (2012) 

3. DP (system) structure There are multiple ways to structure a DP. Yoo et al. [185], Greve et al. (2017), Ojala et al. [113], Hakanen et al. (2018), 
Benkler (2006), Farrel et al. (2003), Cheng et al. [26], Qi et al. [127] 

4. Commitment to share profits Leader should not squeeze profits from their 
developers. 

Farrel et al. (2010), [173] 

5. DP Leadership There should be a balance of control of and freedom 
for DP members. 

Suarez (2004), Yoffie et al. (2006) West et al. (2006), Hagiu (2009), 
Boudreau (2010), Gawer (2010), 

6. DBE size comes with its own 
challenges 

A DBE comprises many companies and members 
(compared to individual company structure). 

Jacobides et al. [73], Cooper et al. (2018), Parida et al. (2017), Parida et al.  
[116], Sjödin et al. [146], Lager et al. (2017), Kohtamäki et al. [81], 

7. Winner-take-all situation The DP owner plays a monopoly role in its industry. Eisenmann et al. (2009), Zhu et al. (2012) 
8. Building trust Member trust in data, systems, and sharing the 

benefits with high expectations 
Wiedmann et al. [182], Harland et al. (2015), Tao et al. [158], Qi et al. [127], 
Menon et al. [101], Al-Rubaye et al. [7], Kowalkowski et al. (2017B), 
Raddats et al. [129] 
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must develop a clear vision of the DP and promote this vision to 
other potential key DBE members (Gawer and Cusumano 2013). 

Prerequisite 8: Easy access to DP membership 
To ensure that a DBE does not fail at the onset, it should make it 

as easy as possible for potential members to participate [30]. Al-
lowing all users to easily join the digital platform lowers the risk of 
any potential rival digital platforms being started. Access should be 
easy at all levels and layers. 

Prerequisite 9: Trust 
Trust is one of the most important prerequisites to building a 

successful DBE. Even if a system has high-level technological fea-
tures, lack of trustworthiness may be the highest barrier to its suc-
cess [182] in manufacturing. Information Technology can promote a 
feeling of being watched or controlled [182]. If there is no trust in the 
digital platform or between its members, a digital platform will not 
lead to a healthy and effective DBE. Some studies have shown that 
with respect to new technologies, privacy protection is more im-
portant than any potential benefit [182]. Block Chain technology can 
be applied to any size or type of data transaction., and it can break 
down barriers to trust for the digital platform. Collaboration and 
mutual trust among DBE members can be strengthened by sharing 
decentralized database information [158]. 

Main challenges for DBE in manufacturing 

Table 4 summarizes the findings classified under the research 
question “What are the main challenges facing a digital business 
ecosystem in manufacturing?” The table itemizes the challenges and 
gives a definition for each. Each item is defined more comprehen-
sively in the paragraphs that follow the table. 

Challenge 1: Launching DP for a successful DBE 
Digital platforms play a key role in a digital business ecosystem 

for manufacturing. Evans and Basole [48] wrote that digital plat-
forms are becoming increasingly complex and research is not 
keeping pace. Launching a digital platform for the consumer in-
dustry faces a typical chicken-and-egg hurdle [119]. If there aren’t 
enough members from each side of the DP, it does not become es-
tablished in the digital business ecosystem for manufacturing. The 
digital platform should be readily accessible. Gawer and Cusumano 
(2013) suggested that the interfaces around the DP must be suffi-
ciently open to enable other concerns to easily plug in complements 
and to allow them to innovate and make money on their invest-
ments. 

Implementing the Smart Manufacturing (SM) systems and 
technologies required by a DBE is not easy. It takes time, consider-
able resources, and effort [180]. It also demands a change in thinking 
and more open manufacturing. Products and systems should be-
come intelligent, digital, and interconnected. Information integra-
tion is one of the most serious issues for SM [169]. A digital platform 
requires real-time information from various enterprise information 
systems (EIS) including human resource management (HRM) sys-
tems, customer relationship management (CRM) systems, enterprise 
resource planning (ERP) systems, and manufacturing executive sys-
tems (MES). Integration between these EISs is challenging. EISs are 
developed by different companies at various times, and this can lead 
to the formation of several information islands [173]. 

Software companies and IT organizations are not catching up 
with all the new technological developments and paradigms [169]. 
The costs of IT-infrastructure are still prohibitively high. For ex-
ample, an AI needs a high-performance hardware and software in-
frastructure to effectively execute its algorithms. Even though 
Amazon, Google, Microsoft and NVIDIA offer cloud-based applica-
tions to break the barrier to demand, the costs are still too high for 

data analytics (Fuller et al., 2020). The same kind of cost issues face 
the implementation of digital twins. Moreover, digital twin devel-
opment takes time. They are not constructed rapidly (Qi et al., 2020). 

Challenge 2: DBE is a new environment 
In manufacturing, leaders and competitors in a DBE have to na-

vigate a complex landscape where both competition and collabora-
tion occur (Gawer and Cusumano 2013). This is a new landscape for 
traditional manufacturing, and it brings new challenges and threats. 
DPs can also be seen as a threat by digital entrepreneurs. The 
changes brought about can obsolete the competencies of some de-
velopers [148]. Every member of a DBE must remain healthy. 
Weakness in a single critical area can harm the entire digital busi-
ness ecosystem [71]. For example, Aarikka-Stenroos and Jaakkola [1] 
describe the need for the customer and providers to enact new roles 
when engaging in value co-creation via digital services. Interaction 
between the buyer and seller is transformed from being transaction- 
based to becoming a relationship-based collaboration. 

Challenge 3: DP (system) structure 
There are multiple ways to structure digital platforms. Building a 

generalized digital platform can adversely affect industries it has not 
been adequately configured to serve [60]. From a strategic view-
point, one of the key innovation imperatives is to learn how to de-
sign, build, and sustain a vibrant digital platform in manufacturing. 
DP success or failure depends in the long run on its capability to 
implement a feasible layered modular architecture for other mem-
bers [113]. 

The leader of the digital platform must decide which layer(s) 
they will permit other firms to extend [185]. Cheng et al. [26] pre-
sented an enterprise collaboration framework under a digital twin 
enhanced industrial internet, which includes a resource layer, a data/ 
model integration layer, the ontology of an interoperability layer, a 
business logic layer, and a presentation layer. The layered structure 
also determines what data are shared. The key to data sharing is not 
how data are shared, but why data are shared [63]. For example, 
designers may not have easy access to the data they need from all 
layers to innovate products [127]. 

Challenge 4: Commitment to share profits 
Members invest innovation in the digital platform. Farrell and 

Katz [50] recognized that DP leaders must commit to equitably 
sharing profits with the other DP members. Squeezing from com-
plementary members negatively affects DP growth. As a result, it 
makes it easier for rival platforms to succeed. Industrial internet 
platforms have not yet resulted in profitable business for host 
companies in manufacturing. Because of financial problems, for ex-
ample, GE is planning to divest itself of Predix [173]. 

Challenge 5: DP Leadership 
DP leaders should encourage external content providers to sti-

mulate growth and contribute to the platform’s success (Boudreau, 
2010; Gawer, 2010; Hagiu, 2009; Yoffie and Kwak, 2006; Suarez, 
2004). However, some level of control is required. Without control, 
the DP can become too inconsistent and fragmented and, as a result, 
less useful for developers and customers in manufacturing (West 
et al. 2006). On the other hand, too much variance makes it difficult 
to capture value from innovation. 

Challenge 6: DBE size comes with its own challenges 
A robust DBE comprises many manufacturing companies and 

members. Unlike standalone corporations, digital business ecosys-
tems are not hierarchically controlled [73]. Therefore, moving a DBE 
toward a desired destination takes more time and effort than does 
moving a standalone concern. 
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The availability of Industrial Internet Platforms has led to an 
explosive growth in digital services and data for manufacturing. 
However, this has resulted in a digitalization paradox for many 
companies [34,116]. Increasing revenues from digital services are 
failing to deliver greater profits because of increased costs. Digital 
service planning often overestimates revenue streams and under-
estimates the high degree of customization required and the oper-
ating and maintenance costs of delivered services. Moreover, digital 
services can also cannibalize existing profitable business models  
[146]. Many companies continue to struggle with how they can best 
leverage digital platforms [86] and how to master the platform 
service innovation transition [81] (Parida et al., 2017). 

Challenge 7: Winner-take-all situation 
A winner-take-all situation is more likely in a DBE, when net-

works are positive and strong, multi-homing to other networks is 
expensive, and there are no differentiation opportunities in manu-
facturing (Eisenmann et al., 2009). Zhu and Iansiti [188] wrote that a 
monopoly outcome occurs when users and developers have favor-
able expectations of a DP, i.e., when members of the digital business 
ecosystem believe that everyone will eventually join the platform. 
These findings are based on consumer markets, but this is also a 
possible threat and outcome in manufacturing. DBE environments 
are new for manufacturing. 

Challenge 8: Building trust 
Much of the literature refers to the benefits of external knowl-

edge. For example, Proctor and Gamble (P&G) gets over 50% of its 
new ideas from external sources (P&G). However, people are re-
luctant to submit their ideas if they do not believe they will be fairly 
compensated for them (Harland and Nienaber 2015). The challenge 
is how to maximize external innovation with the greatest amount of 
multi-sided benefits and trust. However, the data that drives man-
ufacturing processes and the enterprise are sensitive, which causes a 
series of data problems such as data fusion, data synchronization, 
data calculation, data security, etc. [158]. 

In manufacturing, representing the physical in the cyber world is 
still a challenge [127]. Users cannot trust the digital platform if the 
physical and cyber worlds are not tightly integrated and 

synchronized in real time. This negatively affects digital servitiza-
tion. The inability to correctly describe physical resources presents 
challenges to collaboration processes [158]. 

High expectations and the hype of digitalization is negatively 
affecting trust in manufacturing. Industrial Internet platform studies 
concerning the maintenance of intelligent products and studies on 
the operation of manufacturing systems is limited [101](AI-Rubaye 
et al., 2017). Often, manufacturing companies will consider the road 
to digital servitization to be smooth. They assume the manufacturer 
can just move from one end of the product service continuum to the 
other [114]. This assumption is increasingly being questioned (Ko-
walkowski et al., 2017B) [129]. 

Main benefits of DBE in manufacturing 

Table 5 summarizes the findings classified under the research 
question “What are the main benefits coming from a digital business 
ecosystem in manufacturing?” The table itemizes the benefits and 
gives a definition for each. Each item is defined more comprehen-
sively in the paragraphs that follow the table. 

Benefit 1: New business opportunities 
Manufacturing companies are continuously looking for new 

business opportunities. According to Baines and Lightfoot (2014), 
customers want a more and more complete continuum of products 
and services. In DBEs, a digital platform enables companies to in-
novatively discover different kinds of new business opportunities, 
where charging fees can be earned by both sides via transactions or 
advertising [38]. They also make it easier to recognize changes in 
market demand. A digital platform enables the detection of cus-
tomer needs, allows the sharing of product or service information, 
and integrates internal and external information making it possible 
to develop new services and maintain extant services [100]. The 
availability of new services may give a company access to new 
business opportunities [114], improve efficiency [43], increase rev-
enues and enhance customer satisfaction (Prida et al., 2014), enrich 
relationships (Reinartz and Ulaga 2008), and increase differentiation 
of offerings [82]. 

Table 5 
Benefits of DBE and definitions in manufacturing.     

Benefits for DBE Definition References  

1. New business opportunities A DBE provides new business opportunities for its 
members. 

Oliva et al. (2003), Eisenmann et al. [38], Menor et al. (2007), Reinartz 
et al. (2008), Kohtamäki et al. [82], Baines et al. (2014), Prida 
et al. (2014) 

2. Value co-creation Value is co-created with member cooperation, and 
processes can improve through data-driven evidence- 
based practices. 

Arthur [10], Moore (1996), Adner [4], Rocket et al. (2006), Adner et al. 
(2010), Gawer et al. (2012), Chen et al. [24], Storbacka et al. [151], 
Reuver et al. (2018), Garcia Martin et al. [54], Lu et al. [95], Evans et al. 
(2015), Lin et al. [89], Da Xu et al. (2014), Cheng et al. [26], Tao et al.  
[156], Söderberg et al. [144], Lu et al. [96] 

3. Innovation increase A company’s innovation capability is strengthened by 
exposure to other innovation types. 

Gupta et al. (1990), Wheelwright et al. (1992), Davenport [35], Baldwin 
et al. (2006), Jeppesen et al. (2006), Heffner et al. (2008), Law et al. 
(2008), Hienerth et al. (2011) McAfee et al. [99], Ceccagnoli et al. 
(2012), Chen et al. [23], Cusumano (2020), Lee et al. [88] Gawer et al. 
(2013), Gawer et al. (2014), Desouza et al. (2014), Hienerth et al. [69], 
Sharma et al. [139], [8], Tan et al. (2016, 2017), Eloranta et al. (2016), 
Myhren et al. [108] 

4. Gain competitive advantage A healthy DBE improves all members and builds a barrier 
against rivals. It can offer new dimensions to competitive 
advantage. 

Mitchell et al. (1996), Gawer et al. (2002), Iansiti et al. (2004), Adner 
et al. (2010), Tiwana et al. (2010), Ghazawneh et al. (2010), Eatonet 
et al. (2015), Lu et al. [95], Tao et al. (2017A), Rosen et al. [135] 

5. Resources and knowledge 
increase 

A DBE can fill key resource gaps. Covillo et al. (1997), Chetty et al. (2003), Iansiti et al. (2004), Oviatt 
et al. (2005), Ojala et al. [113], 

6. New venture potential The new venture potential arising from a DBE is usually 
underestimated. 

Arthur (2011), Henfridsson et al. (2013)Evans et al. (2016), Parker et al.  
[120], Watanabe et al. (2017), Boudreau [19], Ojala et al. [113] 

7. Cost and risk management DBE decreases overall costs and risks, when there are 
members innovating and offering solutions. 

Eisenmann et al. [38], Kotha et al. (2011), Lusch et al. (2015), Greve 
et al. (2017), 

8. Provides modularity to fulfill 
customer needs 

Modularity offers a greater opportunity fulfill customer 
needs. 

Baldwin et al. (2000), Baldwin et al. (2009) 
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Benefit 2: Value co-creation 
In 1996, Moore found that value chains does not follow a linear 

downstream path. Value is actually produced by a network of 
companies with many horizontal relationships (Moore, 1996). The 
value created by networks is substantially greater than what an in-
dividual company can produce on its own [4]. The DP of a manu-
facturing digital business ecosystem brings the network of member 
companies closer together. Digital platforms become increasingly 
valuable as more members adopt them. Moreover, increasing the 
number of users and complementaries increases a DP’s innovation 
production and value (Gawer and Casumo 2012). Physical machines 
become more valuable, when applications and services for them are 
available, which can trigger positive feedback cycles [10]. Digital 
platform and digital servitization is not only changing the way 
manufacturers innovate products and services, it is also trans-
forming how members create, deliver, and capture customer 
value [54]. 

According to the “two-sided markets” theory (Rochet et al., 
2006), a DBE leader should look at service providers as customers. 
When all DBE members share produced value, they are more com-
mitted to co-creating value for both customers and DBE members. 
Value sharing motivates and encourages all members to participate 
in total value creation [24]. Each company’s value-creation success 
often depends on the other DBE members (Adner et al., 2010). Ac-
cording to Storbacka et al. [151], actor engagement is a micro-
foundation for value co-creation. They emphasized that without 
actor engagement, there is no resource integration, and value cannot 
be co-created. 

Connectivity and data tracking throughout the manufacturing 
process allow operations to be transformed into data-driven evi-
dence-based practices that make it possible to track the sources of 
product faults, analyze production efficiency and identify bottle-
necks, and predict future resource requirements [95]. Computing 
and analysis enables capability for equipment failure prediction, 
energy analysis optimization, predictive maintenance, product 
quality analysis, and market demand forecasting (Evans and An-
nunziata, 2015; Da Xu et al., 2014) [89]. 

With a digital twin, a manufacturer can achieve full value-chain 
collaboration where downstream and upstream enterprises can 
successfully achieve product collaborative development, collabora-
tive manufacturing, operation, and maintenance [26]. With a DT, it is 
possible to simulate, predict, and optimize physical manufacturing 
systems and processes. A digital twin with intelligent algorithms can 
achieve data-driven operation monitoring and optimization (Tao et. 
al., 2018), develop innovative products and services [144], diversify 
value creation, and encourage innovative new business models [97]. 
Connecting DTs between manufacturers, gives them the means to 
build virtually connected Smart Production Networks. A network of 
DT’s provides visibility into operations performance across networks 
and offers the option to predict future needs [95]. 

Benefit 3: Innovation increase 
Companies who can more rapidly and efficiently launch new 

product are often more profitable and better positioned when 
competition increases [62,181]. Empirical evidence shows that 
companies have successfully used internal platforms to help control 
the high costs of production and inventory and reduce time to 
market. Inside-only platforms, however, can lead to limited and 
constrained innovation (Gawer and Cusumano 2013). Generally, in-
novation is the result of recombining existing resources [11], and 
when more people are involved in this recombination, there are 
more innovative approaches. Innovation-management literature re-
fers to the advantages of external knowledge. For example, P&G 
acquires over half of its ideas from external sources. 

Combining more data and more DBE-platform members results 
in a greater potential for boosting innovation, competition, and 

productivity over a wide range of fields [8,23]. The data availability 
also improves decision-making processes [95,139], new product 
development (Tan et al. 2016; Tan et al. 2017), and customer re-
lationships [23,35,99]. As manufacturing becomes more digital and 
openness allows stakeholders to better manage and capture data, 
more innovative ideas will come from outside the company [41,56] 
providing incremental and radical service innovation opportunities  
[76,108]. 

Lee et al. [88] argued that companies need to share ideas with 
customers and other members on collaborative efforts. They divided 
innovation into four phases: closed innovation (depends on inner 
capabilities), collaborative innovation (focuses on the exchange of 
ideas with other parties), open innovation (encompasses a wide 
range of collective wisdom), and co-innovation. As an example of co- 
innovation, when Apple opened their digital platform to app de-
velopers, the value of iPhone skyrocketed [110]. The digital platform 
plays a key role in sharing knowledge and executing open co-in-
novation in manufacturing. Knowledge sharing results in more new 
ideas towards developing new business opportunities [67], and it 
improves business processes, products, and services [87]. 

Moreover, innovation is increasingly shifting away from producer 
companies and towards product users and technologies [69] (Hippel 
2005), which increases the need for DBEs to share information and 
knowledge at low cost for participating members. Prior research 
shows that innovative users share their thoughts with their peer 
community, and that these users enjoy significant support from the 
community in the new product development process (Baldwin et al., 
2006; Franke and von Hippel, 2003) [53,68,75]. Information tech-
nology hardware and software owners; such as Microsoft, IBM, and 
SAP; often have partnership programs for members to encourage 
complementary innovation within digital platforms (Ceccagnoli 
et al. 2012). 

Yoo et al. [185] underline the importance of layered modular 
architectures in digital platforms. The flexibility and rapid adapt-
ability to changes in technology and consumer preference must re-
main in layered architectures [40,154]. Architectures must achieve 
sufficient scale and stability to allow companies to extract revenue 
from a large customer base over an extended period of time [3] 
(Boudreau 2010, West 2003). 

Product innovation is more in tune with customer need when 
customers are involved in the product development process. Troisi 
et al. [168] described how the Muliano Bianco company launched a 
digital platform so its customers could give feedback, vote, and offer 
new ideas. After only nine months, they received 1800 ideas, 19,000 
votes, and 15,000 comments about their products. The expectation is 
that companies will leverage their platforms for innovation and 
transaction purposes and to make technological advances. For ex-
ample, Big Data (BD) and Artificial Intelligent (AI) will boost in-
novation to wider range of product-service applications [31] 

Benefit 4: Gain competitive advantage 
Mitchell and Singh (1996) found that firms pursuing alliance 

relationships were more likely to survive in the industry than firms 
engaged in arm’s length relationships where buyers and sellers act 
independently without one party influencing the other. In software 
development, the alliance relationship is between app developers 
and platform providers [59,167] (Eatonet et al., 2015). 

Digital platform members tend to share a common belief in the 
aims of the platform, and member performance is tied to overall 
performance of the business ecosystem [71]. Moreover, a business 
ecosystem leader can develop a digital platform that can later be-
come a manufacturing DBE. The leader can invest in configuring the 
DP while ensuring that participating members are taking an ap-
propriate supporting role, thereby increasing the performance of the 
entire digital business ecosystem [3]. A healthy DBE can be a barrier 
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to entry for rival technologies [55], and it can entice new members 
to join. 

DBEs can deliver new dimensions to competitive advantage. For 
example, when including personal data in smart manufacturing such 
as weight, health data, activity data, and emotional status, it helps to 
establish models to understand personal well-being and factory 
working conditions. This can help to design human-centered 
human-machine collaboration strategies to improve the physical 
and psychological health of workers and to achieve the best possible 
production performance [95]. 

A digital twin can simulate different manufacturing plans in the 
virtual space and discover potential risks and conflicts in advance, 
i.e., before it actually happens in a manufacturing process (Tao and 
Zhang, 2017A). DT can also plan and optimize whole manufacturing 
process [135]. 

Benefit 5: Resources and knowledge increase 
Continuous progress results in a need for new technologies and 

innovations, which consequently results in the need for new kinds of 
resources [113] in manufacturing. A single company does not possess 
all the resources and knowledge needed to explore and continuously 
exploit changing markets. Companies like Microsoft and Intel gen-
erally depend on the voluntary participation of other firms to bring 
about a vibrant ecosystem of complementary and competing offer-
ings [71]. Networks are seen as a foundation from which businesses 
can benefit from resources held by other firms [77,152] (O’Gorman & 
Evers, 2011). By exploiting network relationships, a new venture can 
fulfill key resource gaps (Coviello et al. 1997). Studies have also 
found that companies with a shortage of resources can leverage their 
existing relationships to further develop their resource pool (Chetty 
et al. 2003; Oviatt et al. 2005) [32,105]. Knowledge sharing in net-
works makes it possible to respond to customer requirements more 
quickly and at lower cost (Sher and lee 2004). 

Benefit 6: New venture potential 
International New Ventures (INVs) are entrepreneurial concerns 

that internationalize earlier and expand quickly into foreign mar-
kets. INVs are disrupting existing ecosystems, radically changing 
existing business models, and reshaping industry structures (Evans 
et al. 2016; Watanabe et al. 2017) [120]. Ojala et al. [113] wrote that 
little attention is given in the literature to the resources that new 
ventures can develop in international networks, especially, those 
small firms operating in digital markets where technologies are ra-
pidly evolving (Arthur 2011, Henfridsson and Bygstad 2013). Digital 

platform environments are an opportunity for new ventures, but a 
threat to established DBE members. New entrepreneurial businesses 
are born open in multi-sided platforms [19]. 

Benefit 7: Cost and risk management 
In DBEs, digital platforms minimize the costs of searching for 

both seeking services and service providers [60]. They provide an 
opportunity to profit from multiple sides of the platform [38]. Lusch 
and Nambisan [98] found that service exchange in service ecosys-
tems is not very efficient without a digital platform. The DP helps to 
both free-up and enhance resources through efficient and effective 
service exchange. However, expanding their portfolio of additional 
services may lead some manufacturing firms to lose business focus, 
experience difficulty dealing with more complex interactions, and 
face a more uncertain future [22]. To avoid these issues, a manu-
facturer could offer additional services to both members and new 
ventures while remaining focused on its own business. 

Major challenges in servitization are leading many firms to in-
crease revenues as profits are dropping. This is known as the service 
paradox [58]. Reim et al. [131] mentioned that fulfilling specialized 
services for customers also comes with higher development and 
delivery costs. These findings support the logic of a DBE. Leading 
companies should not shoulder the burden alone. A leader company 
can open up the business using a digital platform and allocate risks 
and knowhow to other members to the benefit of all in manu-
facturing. 

Generally, digital platforms have the potential to restructure in-
dustries [83], which results in efficient ecosystems and lower overall 
manufacturing cost. Innovative companies will adapt to the changes 
and heavy companies that cannot adapt will not survive. 

Benefit 8: Provides modularity to fulfill customer needs 
Baldwin and Clark (2000) found that the computer industry be-

came more horizontal after IBM deployed a modular architecture 
and encouraged suppliers to provide both hardware and software for 
personal computers (PCs). Later, Baldwin and Woodard [16] ex-
plained how the PC industry changed. See Fig. 3. In the near future, 
other industries might face the same phenomenon. Companies are 
increasingly shifting from being vertical silos towards becoming 
modular clusters. Why? Modularity provides more opportunity to 
offer customers a product with specific options. In addition to giving 
the customer a product that better meets his or her needs, in the 
long run, the modularity lowers cost overall by restructuring for the 
entire manufacturing industry. 

Fig. 3. Vertical silos versus modular cluster (adapted from Groove, 1996, p.44).  
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For the PC industry, vertical silos meant that each PC manu-
facture had its own component and software manufacturers. This 
meant that components were not universal across PCs. With the 
encouragement of IBM, the PC industry standardized both hardware 
and software, which ultimately led to substantially lower PC costs 
and prices. For Intel, vertical silo life was a significant challenge. 
Consumers don’t buy microprocessors, they buy PC’s. Once the in-
dustry adopted the modular cluster model, Intel quickly learned that 
boosting innovation would lead to increased PC sales, which would 
in turn support their microprocessor business. As an added benefit, 
by coordinating PC industry innovation, Intel protected its business 
from rivals (Gawer et al. 2002). 

Future DBE trends in manufacturing 

This section presents future trends for DBEs in manufacturing 
based on synthesis of the findings for prerequisites, challenges, and 
benefits. The description of an individual future trend is presented 
first followed by presentation of the actual future trend (FT1.-FT5.). 

According to Moore (1996), a business ecosystem is a set of 
members that includes suppliers, lead producers, competitors, and 
other stakeholders. A business ecosystem offers value to customers 
by providing goods and services. Over time, capabilities and roles co- 
evolve, and they tend to align with the direction of one or more 
central companies. These central manufacturing companies play 
leadership roles in the BE. The leader role is valued by the com-
munity because it enables members to follow the shared vision and 
play mutually supportive roles. In manufacturing, there are many 
central companies of different size. Production factories can be seen 
as central to the BE. Around production factories, there are many 
other key member types. In many cases, the production machines 
used by production factories are provided by various BE members 
seen as technology leaders. Technology leaders play two roles: as a 
key member of the production factory and as a central company in 
its own BE. Production machinery is intellectual property, and all 
technology leaders want to protect their completive advantage. This 
makes the sharing of all data among all DP members problematic. 
And, blocking information from DP members encourages the for-
mation of silos, which can keep the DBE from fully realizing po-
tential benefits. 

However, it is increasing clear that traditional business ecosys-
tems can no longer support an optimally healthy manufacturing 
business. Today, a digital business ecosystem has become a must for 
production factories, technology leaders, and other companies 
working in manufacturing. The essential element to building a DBE 
is having a robust digital platform where members can cooperate, 
co-create value, and innovate. Thus, we propose the following trend 
for the future. 

FT1. DBE environments are increasingly being pushed by technology 
leaders in the manufacturing industry 

If a single company, not in central role, tries to introduce a new 
digital platform to the industry at large, it might not be accepted by 
other industry companies. Gaining acceptance is more difficult when 
a single company attempts to force a change in the business eco-
system. Acceptance of a new digital platform will become more 
likely if a central company brings it forward in cooperation with 
other key members of the industry community. As a result, tech-
nology leaders in manufacturing must convert their business eco-
systems to digital business ecosystems to deliver next level services 
to production factories. The business of a technology leader must 
transform from one that delivers traditional machines and main-
tenance services to one that delivers smart machines with a digital 
twin. This gives them the means to utilize unlimited digital tech-
nologies and solutions. The digital twin can play the role of a digital 
platform and enable production factories to connect the digital 

twins for smart machines together to achieve Smart Manufacturing 
in a DBE environment. 

Many production factories use machinery provided by several 
technology leaders. This could lead to a number of technology lea-
ders each bringing forward its own digital twin. As a result, it is 
likely that in the near future, production factories will be presented 
with multiple digital twins representing their complete production 
system. Thus, we propose the following trend for the future. 

FT2. Because there are several technology leaders in manufacturing 
reluctant to work with competitors, production factories will soon 
be presented with multiple digital twins 

Uysal and Mergen [169] mention that information integration is 
one of the most serious issues currently facing Smart Manufacturing. 
The increasing number of digital twins provided by different tech-
nology leaders will not decrease this challenge. International stan-
dards will be needed so that all technology leaders can deliver 
compatible digital twins to production factories. 

A digital platform gives production factories the opportunity to 
select from among a variety of products and digital services. Each 
factory can purchase a unique combination that they believe gives 
maximum value. Giving production factories the opportunity to 
choose their desired products and digital services will increase 
modularity, which may, in turn, lead to a service paradox (increasing 
revenues and dropping profits) [58] and/or digitalization paradox  
[34,116] for the technology leaders. To avoid this, technology leaders 
should encourage participating members to offer digital services in a 
digital platform. Production factories will not receive the service 
they want, and innovation will not reach its full potential if the 
technology leader is unwilling to open its business to other eco-
system members. Thus, we propose the following trend for the 
future. 

FT3. To maximize the full potential of DBE and to avoid the service 
and digitalization paradox, the technology leader should open its 
business to other ecosystem members 

As reported by Mitchell and Singh (1996), businesses in an alli-
ance relationship are more likely to survive than firms engaging in 
arm’s length relationships, and technology is evolving rapidly in 
digital markets (Arthur 2011, Henfridsson and Bygstad 2013). 
Continuous progress results in a continual need for new technolo-
gies and innovations that demand new kinds of resources [113]. A 
single company does not and cannot maintain all the resources re-
quired to keep up with the everchanging forward movement of 
technological advancement. On its own, the ability to innovate is 
limited (Gawer and Cusumano, 2013). Without reaching out to the 
other ecosystem players, the technology leader will certainly suffer 
from insufficient knowledge. To ensure adequate resources and to 
promote innovation, the technology leader must open its business to 
other members of the ecosystem and encourage new ventures. 

New ventures in a mature industry often attract little attention. 
Nonetheless, new ventures often disrupt existing ecosystems, radi-
cally changing existing business models and shaping industry 
structures (Evans et al. 2016; Watanabe et al. 2017) [120]. New 
ventures positively impacted the phone industry when technology 
leaders opened up the development of phone applications to outside 
players. A similar result is likely for manufacturing when technology 
leaders have a digital platform and business opened for members 
and new venture. Thus, we propose the following trend for the 
future. 

FT4. New ventures will positively impact the DBE in manufacturing. 

A digital platform can establish two- and multi-sided markets, 
which has many positive effects in manufacturing. The digital plat-
form brings its players closer together [46,185]. Innovation has in-
creasingly shifted from producer companies to product users and 
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technologies [69] (Hippel, 2005). The shift increases the need for a 
digital platform, so information can be shared more efficiently. User 
information is also very valuable. Better understanding the user 
makes it more likely that a company can apply its development 
resources correctly and better meet user needs. When companies 
exist on both sides of the market, they can more easily identify and 
adopt more effective business models [38]. Two- and multisided 
markets will fuel the next round of innovations and value co-crea-
tion in manufacturing DBEs. Thus, we propose the following trend 
for the future. 

FT5. A digital platform can establish two- and multisided markets 
and fuel the next round of innovations and value co-creation in 
manufacturing. 

Contribution of the study and conclusions 

New collaborative value creation networks referred to as digital 
business ecosystems have been the subject of study in recent years. 
A DBE is considered as an extension of a business ecosystem in 
which a digital platforms plays a dominant role. Digital Business 
Ecosystem is studied in many contexts in manufacturing, and it is 
creating both opportunities and challenges for manufacturing. By 
providing a systematic literature review of the prerequisites, chal-
lenges, and benefits of DBEs for the manufacturing industry, this 
paper helps to alleviate this shortcoming and reveals how digital 
business ecosystems can dramatically impact manufacturing. 

The Scopus database was searched for relevant literature. The 
main journals covering information, management, strategy, in-
novation, product, production, service, and business areas were 
searched. 149 research journal articles were included in this litera-
ture review, which uncovered nine prerequisites, eight challenges, 
and eight benefits for DBEs and led to five trends for future studies. 
The study shows that researchers have been more interested in 
benefits than prerequisites and challenges. 

Five future trends for DBEs in manufacturing are candidates for 
further research. As one major contribution, this study suggests that 
future research can focus on these five future trends. 

Firstly, technology leaders are more likely pushing DBE en-
vironments in manufacturing. If a single company without a central 
company role is trying to introduce a new digital platform to the 
industry at large, it might not be accepted by other industry com-
panies. A single company cannot force change in the business eco-
system. 

Secondly, multiple digital twins will be introduced by technology 
leaders in production factories. Competition makes technology lea-
ders reluctant to collaborate. Before collaboration can occur, tech-
nology leaders must convert their business ecosystems to digital 
business ecosystems to deliver next level services to their produc-
tion factories. In other words, technology leaders must transform 
from being concerns that deal with traditional machines and 
maintenance services to ones that deliver smart machines with di-
gital twins. 

Thirdly, to achieve the full potential of DBE and avoid a service 
and digital paradox, technology leaders should open their businesses 
to other ecosystem members. Continuing to operate independently 
and keeping ecosystem members in information silos will ultimately 
be a risk to their own businesses. Innovation will not be able to reach 
its full potential, and production factories will not be receiving the 
service they want and need. 

Fourthly, new ventures will positively impact DBEs in manu-
facturing. On their own, companies have limited ability to innovate. 
When a central company opens its business to other members, it 
encourages new ventures as well. For example, new ventures posi-
tively impacted the phone industry when a technology leader 

opened up the development of phone applications to outside 
players. 

And finally, digital platforms can establish two- and multisided 
markets in manufacturing, which will fuel the next round of in-
novation and value co-creation. When companies share information, 
there is co-created innovation and value. When companies can exist 
on both sides of the market, they can adopt more effective and in-
novative business models. 

This work contributes and provides new insights to the under- 
researched topic of digital business ecosystems in manufacturing by 
revealing prerequisites, challenges, and benefits and proposing re-
search topics for further studies. The study should be of benefit to 
directors and managers working in the manufacturing industry. 
Manufacturers can start considering how the impending digitaliza-
tion of their industry might affect their businesses and their busi-
ness models. Hopefully, they can get a better sense of where they are 
now and how to proceed. The study should enhance understanding 
of the digital business ecosystem and how it will affect the entire 
manufacturing industry. 

As a limitation, the study did not focus on the impacts of DBEs on 
sustainability. However, the effects of DBEs on sustainability, en-
compassing economic, environmental, and social aspects of sus-
tainability (cf. [136] should be studied. An important research topic 
could be, for example, how to find a balance, in terms of power and 
economy, between the world’s largest technology companies and 
other ecosystem players. However, sustainability as a topic is so 
broad that it requires a number of separate studies and therefore 
was excluded from this study. 
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