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ABSTRACT

The design of scaffolds for multi-tissue regeneration is very complex in terms of material and structure, as a direct consequence of
hierarchical and organizational features. TRIZ represents the Russian acronym for the “Theory of Inventive Problem Solving” (TIPS). TRIZ
is able to identify and codify such principles, using them to make the creative process more predictable. It is a methodology for the
identification of the system conflicts and contradictions in order to solve the inventive problems. Its multidisciplinary features and the
general approach to product design can make TRIZ as an intriguing starting point for the biomimetic approach in a systematic and
organized way. Biomimetics aims at a complete integration between nature and technology. In this scenario, BioTRIZ shares the
contradiction resolution method of the Altshuller’s theory, representing a systematic biomimetic approach towards the product design.
In the current study, BioTRIZ was considered to systematize the process of bio-inspired design of 3D optimized scaffolds for the
regeneration of complex tissue defects. A device for the regeneration of osteochondral tissue defects was considered as a case study.
The technical solutions involved the design of a two-compartment, hybrid and functionally graded scaffold.
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1. INTRODUCTION The current global situation of ecological crises and climate
changes requires a different approach in terms of environmental
impact, instead of the traditional engineering approach to new
objects and technologies which tends to exploit resources and
causes excessive pollution [9].

A general framework for natural concepts integration in the

The advances in materials chemistry, technologies and design
strategies have pushed the research towards the development of
innovative devices for tissue engineering and replacement [1]-[6].

Biomimetics, or Biomimicry, is a quite recent formal study
which takes inspiration from nature in order to copy and adapt
biological mechanisms and, hence, to design new technologies or
improve existing ones [7]. Although this process nowadays is
carried out in a systematic way, nature emulation has always been
present throughout history. For instance, Leonardo da Vinci
made several studies on the flight of the birds in order to design
his flying machine, whilst Velcro was invented by Georges de

development of new technologies consisted in a literature
analysis and “trial-and-error” approach, which resulted in a waste
of time, materials and energy, since every new system had to start
from zero for each natural mechanism analyzed and tested.

A first systematic approach to product design and problem
solving was represented by the TRIZ methodology, the Russian
) - , acronym for “Teoriya Resheniya Izobretatel’skih Zadatch” (in
Mestral after analysing burrs in his dog’s fur [8]. English “Theory of Inventive Problem Solving”, TIPS), which
was developed by Genrich Altshuller and Rafik Shapiro in the
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Soviet Union in the 1950s [10]. TRIZ is a very powerful problem
solving and new product design toolkit based on the analysis of
several successful patents [11]. This analysis allowed for a
systematic resolution to engineering issues, granting repeatable,
reliable, and predictable innovative solutions in terms of design
and fabrication methods [12], as well as an easy transfer of
concepts and solutions from one science field to the other [7].
The multidisciplinary features and the general approach to the
product design make TRIZ a perfect starting point for a
biomimetic approach in a systematic and organized way [13],
[14]. It offers different methods to solve design problems which
range from low to high level of complexity.

TRIZ is structured as an algorithm [15], which allows for new
designs through the overcoming of a contradiction [10], meaning
a trade-off that must be found between two technical features.
The patents’ analysis performed by Altshuller led to the
definition of two types of contradictions. Technical
contradictions arise when one attribute is worsened by the
improvement of another one. Whilst physical contradictions
represent a situation in which two opposite physical states exist.
The Altshuller’s Matrix of Contradictions is the main TRIZ tool
used to solve the contradictions. The improving parameters are
arranged on the vertical axis of the matrix, whilst the antithetic
ones are put on the top row, and their combination ideally
represents every potential design contradiction to be solved. In
the Altshuller’s algorithm, the solution to any contradiction can
be found in a list of 40 Inventive Principles (IPs).

In this context, TRIZ represents a methodology that
minimizes the waste of energy and time during the design phase
of a new technology, through a robust definition and
identification of the problem, resulting in a systematic approach
which can be the starting point for a biomimetic approach.

A further step to a complete eco-friendly approach to design
and problem solving was made by dr. Vincent in 2006 [7], who
studied with his team several technological and natural systems,
also analyzing which variable had to be used for solving problems
at different size levels. It was observed a tendency in changing
materials or increasing the amount of energy in technological
systems, whilst for the same size levels, nature tends to exploit
information and space variables. In fact, nature achieves different
and complex functions through the combination of proteins and
manipulation of their shape, thus avoiding a high exploitation of
energy resources [9].

The algorithm introduced by Vincent was called BioTRIZ [7],
as it shares the contradiction resolution method of the
Altshuller’s  theory, representing a systematic biomimetic
approach towards the product design. Over 500 biological
phenomena were analyzed and about 2500 contradictions and
their solution were identified in natural systems. The resulting
contradiction matrix was named PRIZM (“Pravila Reshenija

Izobretatel’skih Zadach Modernizirovannye”, “The Rules of
Inventive Problem Solving, Modernized” in English).

This matrix is a condensed version of the traditional TRIZ
one, as it is a 6x6 matrix, since all parameters are grouped in 6
meta-categories (substance, structure, space, time, energy, and
information) (Table 1) [7], [8], [16]. Thus, every inventive
principle is generated from the conflict between two of these
meta-categories (e.g., substance vs. space). Actually, two different
PRIZM matrices were developed. The first one was derived from
TRIZ contradiction matrix and dealt with synthetic systems,
whilst the second one was the consequence of the analyses
related to the contradictions resolution in natural systems. This
shows how the same issue may be solved with different IPs in
the two systems. In general, if different kinds of solutions to pairs
of conflicts, which are arrived at in technology through classical
TRIZ and in biology, are compared, it is worth stressing how the
principles that technology and nature employ to solve the
problems may be very different, also dealing with very similar
problems.

The similarity between TRIZ and BioTRIZ matrices is only
0.12, where 1 represents the identity [7], [9].

Vincent defined the following pathway of application for
BioTRIZ [7]:

1. Define the problem in the most general, yet precise way. It is
essential to avoid specific directions of thought or premature
solution of the problem. Then list the desirable and undesirable
properties and functions.

2. Analyze and understand the problem and so uncover the main
conflicts or contradictions. The technical conflicts are then
identified in the TRIZ matrix and listed. Find the functional
analogy in biology or go to the biological conflict matrix.

3. Compare the solutions recommended by biology and TRIZ. Find
the common solutions for biological and engineering fields. List the
technical and biological principles thus recommended.

4. Based on these common solutions, build a bridge from natural fo
technical design. To make the technical and biological systems
compatible, make a list of their general recommended
compositions.

5. Create a completely new technology, add to the basic TRIZ
principles some pure technical or pure biological ones.

The idea to identify and integrate opportunities between
TRIZ and biomimetics may lead to the development of a more
efficient inventive design methodology for tissue enginecering
applications.

Tissue engineering is a multidisciplinary field of science which
merges knowledge from engineering, biology, and medicine. It
aims to a complete regeneration of a damaged, overcoming
conventional treatments, such as prosthetics and transplants
[17]-[20]. The damaged tissue regeneration is enhanced through
3D scaffolds with a fully interconnected porous structure and

Table 1. The PRIZM Matrix: BioTRIZ (adapted from [7]). The reported numbers are related to the list of 40 IPs of TRIZ.

CA'T\:'EZT:,;ES SUBSTANCE STRUCTURE SPACE TIME ENERGY INFORMATION
SUBSTANCE 13,15,17,20,31,40 1-3,15,24,26 1,5,13,15,31 15,19,27,29,30 3,6,9,25,31,35 3,25,26
STRUCTURE 1,10,15,19 1,15,19,24,34 10 1,2,4 1,2,4 1,3,4,15,19,24,25,35

SPACE 3,14,15,25 2-5,10,15,19 4,5,14,17,36 1,19,29 1,3,4,15,19 3,15,21,24
TIME  1,3,15,20,25,38 1-4,6,15,17,19 1-4,7,38 2,3,11,20,26 3,9,15,20,22,25 1-3,10,19,23
ENERGY 1,3,13,14,17,25,31  1,3,5,6,25,35,36,40 1,3,4,15,25 3,10,23,25,35 3,5,9,22,25,32,37 1,3,4,15,16,25
INFORMATION 1,6,22 1,3,6,18,22,24,32,34,40  3,20,22,25,33 2,3,9,17,22 1,3,6,22,32 3,10,16,23,25

INVENTIVE PRINCIPLES (IPs)
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tailored architecture, as well as appropriate mechanical and
biological behavior. In fact, scaffolds must have load bearing
function and must mimic the tissue composition, enhancing
extracellular matrix analogue deposition [17], [21], [22]. Scaffolds
must satisfy several requitements [23]: (i) biocompatibility (i.e.,
the scaffold must not induce an inflaimmatory response, (ii)
network of pores with high level of interconnectivity, (iii)
biodegradability, with degradation times inversely proportional
to tissue regeneration ones, (iv) bioresorbability, and (v) load
bearing function.

Typical scaffold materials are synthetic polymers (e.g.,
polycaprolactone - PCL), and often polymeric matrices
reinforced with inorganic nanoparticles (e.g., hydroxyapatite -
HA) which are more versatile than natural materials in
mechanical and functional properties. Furthermore, the same
synthetic material can be used for different TE applications
varying its chemical and physical properties [24], [25].

Anyway, over the past years, great efforts have been devoted
to the development of devices with optimized properties for
different kinds of applications, benefiting from the advances in
methodologies and design strategies [20]-[23].

An example is topology optimization, which represents a
mathematical method aiming to optimize the material layout
within a given design space, according to the constraints, loading
and boundary conditions, in order to maximize the performance
of a system. With regard to scaffolds for tissue engineering
applications, the objective should be to attain desired mechanical
and mass transport (e.g., permeability) properties. As both
mechanical and mass transport properties depend upon the
porosity and architectural featutes of the scaffold, computational
design methods have to be used for the prediction and
optimization of a microstructure for achieving the desired
balance.

Scaffolds for tissue engineering may be developed through
advanced fabrication methods such as additive manufacturing
techniques, and, in particular, 3D Fiber Deposition, which allows
for a material deposition in a layer-by-layer manner and a precise
control on porosity, as well as on structural features and long-
range architecture, thus resulting in complex and custom-made
morphologies [25], [26]. These results cannot be reached through
traditional fabrication techniques, such as gas foaming, solvent
casting and salt leaching [25]. In this scenario, the BioTRIZ
philosophy may be employed to avoid the unnecessary waste of
energy, materials, and time.

In the current study, the attention was focused on BioTRIZ
to systematize the process of bio-inspired design of 3D
optimized scaffolds for the regeneration of complex tissue
defects.

The design of a 3D scaffold for the regeneration of
osteochondral tissue defects was selected as a case study. Thus,
the process had to take into account several features related to
the tissue (i.e., bone and cartilage) that differ histologically,
chemically and physiologically. Clearly, the concept of “one kind
of scaffold per tissue” was not considered as an appropriate
solution.

2. GENERATION OF NOVEL CONCEPTS

The first step of this study consisted in the identification of
contradictions during the design phase of the scaffold for the
osteochondral tissue regeneration. Some of these contradictions
were case specific and dealt with the multi-tissue regeneration.
As previously discussed, according to the BioTRIZ philosophy

[7],[9], a single scaffold for multi-tissue regeneration was
considered, in order to introduce an innovative device for tissue
engineering applications and to avoid unnecessary waste of
energy and materials at the same time. The main parameters
involved in the design contradictions were the material
composition (ie., polymer matrix/filler weight ratio) and
porosity values, which influence the mechanical and mass
transport properties, as well as the biological performances.

The impact of porosity and lay-down pattern (i.e., fiber
stacking sequence) on cell differentiation and mechanical
properties has already been analyzed [20], [27]-]29].

Tissue engineering issues related to the mechanical and mass
transport properties as well as to the biological performances can
be solved during the design phase acting on physical, chemical
and structural parameters (e.g., material composition, porosity,
lay-down pattern). These issues deal with an intriguing paradigm
requiring scaffolds which are able to balance temporary
mechanical function with mass transport properties, also
favouring biological processes. Furthermore, information about
the two separate tissues and their interface must be considered
as well.

The contradictions were initially solved through TRIZ
methodology and the resulting inventive principles (IPs) were
identified into the PRIZM matrix, and the meta-categories were
compared. The best concepts, which could act as a bridge
between the engineering and natural worlds [7], were generated.

Finally, novel 3D scaffolds for osteochondral tissue
regeneration were designed and additively manufactured (i.e., 3D
Fiber Deposition). The mechanical and mass transport
properties (i.e., permeability), which generally influence the
biological performances, were experimentally evaluated. 3D
scaffolds for both bone and cartilage regeneration were used as
controls.

3. RESULTS

The previously reported tissue engineering issues are
described by the following contradictions:

1. Pores must be big enough to enhance mass transport
properties, and small enough to enhance mechanical
performances at the same time. This represents a
physical contradiction which was solved through the
“separation in time” principle [30].

2. The scaffold must sustain different loading conditions
and mimic different extra-cellular environments,
keeping its architecture as simple as possible.

3. Scaffold material must be easy to process and possess
good mechanical properties at the same time. Plain
polymers, which are easily processable, lack mechanical
resistance.

Contradictions were solved through the following TRIZ
features:

- 14. Strength: typical results in terms of mechanical
properties must be granted in the bone and cartilage
compartments of the scaffolds.

- 25. Loss of time: every waste, including time one, must
be minimized, thus maximizing productivity.

- 26. Quantity of Substance: pores morphology and
dimension depend on the lay-down pattern deposition,
as well as on the distance between two adjacent
polymeric filaments. Bigger pores result in fewer
strands, and vice versa.
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- 32. Fase of manufacture: in the context of Eco-
engineering and positive impact on nature, scaffolds
must be versatile and easy to realize, despite the multi-
tissue application. This feature is related to “33. Ease of
operation” as well.

- 36. Device Complexity: the osteochondral damage
application requires a scaffold with different properties
and function on different cross-sections.

The following inventive principles (IPs) were identified in the
Altshuller’s Matrix of Contradictions and compared to biological
principles [7]:

- 1P 3: Local Quality. Change an object's structure from uniform
to non-uniform. Use a temperature, density, or pressure gradient
instead of constant temperature, density or pressure. This is a
common feature of living organisms, which are
multifunctional and heterogeneous (e.g., cells).

- IP 4 Asymmetry. Change the shape of an object from

etrical. Almost every “biological

Symmetrical to  asy
object” is asymmetrical, since asymmetry is a response
to its history and adaptation do several functions.

- IP 9: Preliminary Anti-Action. If i will be necessary to do
an action with both harmful and useful effects, this action should
be replaced with anti-actions to control harmful effects. To
prevent harmful effects is a common mechanism in
nature (e.g., non-woody plants are pre-stressed in
tension, thus minimizing solid material in the structure,
and penguins feathers which protect them from
freezing temperatures). In the same way, topology
optimization “protects” scaffolds from structural and
functional failure by properly modifying its architecture
during the design phase.

- IP 40: Composite Materials. Change from uniform to
composite (multiple) materials. As previously said, almost
every natural material is composite.

The great effort to reproduce the structure of the natural
bone, which is a natural nanocomposite where crystallites of an
inorganic material (hydroxyapatite) reinforce the collagen (a
natural polymer) fibrils, has led to the development of
biomimetic solutions. As a result, 3D hybrid constructs
consisting of two distinct but integrated compartments, where a
(PCLL/HA) and a polymer (PCL)
compartment devoted to bone and cartilage regeneration,
respectively, were developed [17], [24]. The construct consisted
of a functionally graded scaffold with a gradient in porosity/pore
size, material composition and mechanical properties, trying to
mimic the osteochondral tissue complex. The design is presented
in Figure 1. In terms of material composition, the bone
compartment of the scaffold was designed with a higher amount

nanocomposite neat

of HA nanoparticles at the first layers, which was gradually
lowered till reaching the top of the structure. On the top of such
structure, the optimized compartment for cartilage regeneration
was additively manufactured. A system of intertwined concentric
fibers, which mimicked the tidemark region, was designed to
create an interlocking between the two compartments. Such
multi-material structure with integrated functionalities was
realized with different cartridges, containing nanocomposite
material charactetized by different polymer matrix/filler weight
ratio and plain PCL, placed on the mobile arm of a 3D plotter.
The cartridges were properly switched at specific scaffold layers.
Furthermore, the bone compartment of the scaffold was
characterized by a fiber diameter of 400 yum and a pore size of
300 wm, which was gradually decreased up to 100 um in the
proximity of the interface between the two designed

Figure 1. A representation of the two-compartment, hybrid and functionally
graded scaffold in terms of fibre diameters and porosity to mimic the bone
and cartilage compartments.

compartments. The fiber diameter was also gradually decreased
acting on the flow rate of the process. A fiber diameter of 100 pm
and a pore size of 100 pm were considered for the cartilage
compartment.

The result in terms of compressive mechanical properties
demonstrated the load-bearing capabilities of the 3D additive
manufactured hybrid construct. The overall mechanical behavior
and properties of the two-compartment hybrid device were the
result of the synergistic contribution of the functionally graded
structure of the nanocomposite (i.e., PCL/HA) compartment
and the polymeric (i.e., PCL) compartment which first deformed
during compression. Anyway, also taking into account the one-
compartment scaffolds selectively designed for bone and
cartilage regeneration, the experimental results showed values of
compressive modulus which were consistent with those reported
for subchondral bone (e.g., 98—270 MPa) [31] and for cartilage
(e.g., 2-20 MPa) [32]. Anyway, it is worth remembering that in
the native osteochondral tissues the mechanical properties
depend upon the patient’s activity, age, and location in the body.

4. CONCLUSIONS

The need to minimize the impact of technology on nature has
led to the development of design and fabrication methodologies
which enhance eco-innovation, mimicking natural processes and
systems. Biomimetics aims to inspire creative design promoting
the synergy between artificial and natural systems, and BioTRIZ
has made this process systematic, thanks to the “thesis-
antithesis” structure, which is typical of the TRIZ method and
allows to introduce innovative concepts as the resolution of a
contradiction between design parameters.

In this context, the current study proposed an innovative
design and fabrication of hybrid scaffolds for multi-tissue
regeneration in the field of Tissue Engineering. In particular, the
design of osteochondral tissue regeneration was taken into
account. Typical natural processes, such as the adaptation to
different environments, were considered and implemented
during a typical tissue regeneration pathway. The solutions
suggested by nature and BioTRIZ involved the design of a two-
compartment, hybrid, and functionally graded scaffold.

The hybrid scaffold for multi-tissue regeneration was
designed and additively manufactured (i.e., 3D Fiber
Deposition). Taking inspiration from nature, a nanocomposite
material (i.e., PCL reinforced with HA nanoparticles) and plain
PCL were considered for bone and cartilage tregeneration,
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respectively. The scaffold concept was characterized by a
gradient in porosity/potre size, matetial composition and
mechanical properties, thus adapting to the different tissue
environments. Analogies were stressed between nature and
typical engineering design methodologies, such as topology
optimization, in terms of prevention of structural and functional
failure by directly acting in the design phase.

The designed hybrid scaffolds were also experimentally

tested,

showing appropriate mechanical properties for

osteochondral tissue regeneration.
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