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Demand for Innovation 
The demand for innovation is a distinctive human trait and one of the main forces that drives 
progress. Such demand is a consequence of both rational needs – for example, for product 
differentiation – and ambitions. In any field, from architecture to transportation, from consumer 
goods to furniture, the main goal of designers and architects is to develop wholly new ideas or 
radical improvements of existing products. However, innovation requires creativity, which is not 
just an epiphany – a genius of the moment – but, instead, involves research, exploration and 
observation. Creativity can be inspired, developed and fed. 
 
Nature Inspires Design 
Designers have always drawn inspiration from nature, particularly from biological forms. These 
forms tend to be aesthetically interesting, efficient and highly functional because they are the 
product of environmental forces. Since there are many environmental conditions that are always 
changing, nature tends to generate great diversity in its designs.     
 
The processes and physical laws that influence natural forms are complex, so designers have 
always relied on intuition when selecting and adapting them as sources of inspiration for their 
designs. But instead of just drawing inspiration from nature, what if a designer could get nature to 
work for him or her? Today, we can mimic some of the processes and physical laws in nature 
with software algorithms to use software to help us generate physical forms in response to 
environmental stimuli that are posed. 
 
Nature Inspires Software Algorithms that Inspire Design 
Bones are remarkable examples of nature’s ability to create structure in response to 
environmental stimuli. The micro- and macro-level morphology of a bone is the direct product of 
the forces that it experiences. It has long been known that bones develop internal cell structures 
of varying porosity. This phenomenon is known as Wolff’s Law. The regions within a bone that 
are most highly stressed by applied forces tend to form more dense internal cellular structures. 
Accordingly, the interior regions of a bone that are not highly stressed tend to be more porous. 
 

 
 
Figure 1: Wolff’s Law. The internal structure of bone is denser in highly stressed areas and  

 more porous in areas where the internal forces are lower. 
 



While the internal microstructure within a bone adapts to physical stresses, the overall shape of 
the bone is also a product of the applied forces. Bones tend to be thicker in areas where 
connective tissue attaches to them or they connect to other bones. Consider the characteristic 
widening of the ends of a femur where it connects to the hip joint at the top and the highly 
stressed knee joint at the bottom. Also, consider the pelvic bone structure with its arched iliac 
crests that support the tension of the powerful back muscles and provide connections for the 
femurs and associated musculature. 
 

 
 
Figure 2: Bone topology grows in response to applied forces. 
 
Research into the mathematical modeling of bone growth algorithms has produced software that 
is capable of generating shapes that, like bones, form in response to applied forces. This method 
of form generation is known as morphogenesis. 
 
Biomechanics researchers and engineers have been using morphogenesis technology to design 
efficient and lightweight structures in a wide variety of applications, including aircraft, ground 
vehicles, medical implants, buildings, electronics and even toys; but until now, the technology has 
not been made available in a form that is convenient and integral to the ideation phase of product 
design. Specifically, it has not been placed effectively into the hands of industrial designers. To 
do this, we must provide an appropriate environment for designers to generate, explore and 
interpret form in their own language within their workflow. 
 
Morphogenesis for Industrial Design 
Product designers work in a way that is different from engineers. They seek inspiration from a 
wide variety of sources to develop the functional and qualitative aspects of a design, including the 
product’s mechanical behavior, form language and aesthetics. They engage in a highly 
exploratory ideation process designed to generate as many different conceptual approaches to a 
problem as possible. Algorithmic sources of inspiration can be particularly useful in this process 
because they are interactive. They give the designer the ability to explore concepts by posing 
questions and observing outcomes on the computer. 
 
Morphogenesis algorithms that mimic biological processes like bone growth can generate highly 
organic forms that are often surprising and occasionally counter-intuitive. The interpretation of 
these highly organic forms into product designs can be challenging but affords great opportunity 
for inspiration and creativity. Also, forms generated using morphogenesis algorithms offer a 
number of interesting benefits. They can be: 

• Esthetically interesting, unique and unexpected. 



• Well-adapted to their intended structural function. 
• Efficient, because they economize the use of material. 
• Conducive to manufacturing processes like extrusion, casting, stamping, etc. 
• Less likely to be radically changed by downstream engineering. 

 
Generating Form by Defining Environment 
The designer seeds morphogenesis by creating a 3D solid model of the outer boundary of the 
object to be designed. This boundary volume is known as a design space. The form that emerges 
from the algorithm will be contained within the design space. The design space can be thought of 
as the blank shape that a sculptor begins carving from. 
 

 
 
Figure 3: Design space for an arched bridge. The form generated using morphogenesis will be 

fully contained within the design space. 
 
The designer next specifies the type of material from which the object is to be made. Material 
choices consist of a wide range of basic solid material, like metals, plastics, glass, ceramics, 
cements, etc. The morphogenesis algorithms work on the principle that the generated structure 
will not bend so much that it would sustain a permanent deformation— so only simple linear 
elastic material properties are required. 
 
The designer then specifies the dominant supports, forces and other constraints that the object is 
expected to experience in its environment. Supports are simply walls, clamps, pins, the ground, 
etc., that hold an object from moving. A force is a push or pull in a particular direction at some 
point on the object. A torque is a twisting force applied to the object. Pressures can also be 
applied to create the effect of distributed forces, like air or water pressure. For large objects like 
buildings and bridges that must support their own weight, the effect of gravity also can be applied. 
 



 
 
Figure 4: Dominant environmental conditions are applied to a design space. In this figure the 

dominant easterly and westerly wind pressures are applied to the sides of a skyscraper 
that is supported at the base. Morphogenesis can generate shapes in response to 
multiple environmental conditions. 

 
Beyond supports and forces, the designer can apply several additional controls to govern the 
overall topology of the shape that will be generated. Up to three symmetry planes can be defined 
within a design space to specify that the resulting shape is to be symmetric in form. 
 

 
Figure 5: A symmetric form can be generated even when asymmetric forces are applied to it. On 

the left, asymmetric forces cause an asymmetric shape to be generated. On the right, 
the two red symmetry planes bisecting the design space indicate the generated shape 
must be symmetric about these two planes. 

 
Forms with cyclic repetition, like that of a starfish, a propeller or a spoked wheel can be generated 
by specifying an axis and the number of cycles desired. 
 



 
 
Figure 6: Cyclic form can be enforced by specifying an axis of symmetry and the number of cycles 

desired. 
 
To accommodate certain manufacturing requirements, a designer also can specify a parting 
direction for an object. A parting direction indicates that an object is to be fabricated using a 
casting process and therefore must not have concavities that would be un-castable or would 
prevent the two halves of a mold from coming apart. 
 

 
 
Figure 7: A parting direction is used to specify that the generated form must be molded and 

therefore cannot contain voids or negative draft angles that would cause locking when 
the halves of the mold are separated. The interior of the sole of this running shoe was 
generated by applying pressure and traction forces from the foot to a design space and 
then defining a vertical parting direction. The sole is shown upside down. 

 
The minimum thickness of a structural form can be specified by the designer. The minimum 
thickness sets a limit on how thin any point in the resulting form can be. 
 
Finally, if desired, the designer can specify the fraction of the total design space that the algorithm 
should use when generating a form. Smaller fractions of the design space can be requested, 
resulting in thinner, lighter forms. Requesting higher fractions of the design space results in 
thicker, heavier forms. 
 



 
Figure 8: By varying the fraction of the design space the final form may use, a variety of 

topologies and weights can be generated. Here, the bridge-like structures have been 
generated at 30%, 20% and 10% of the original volume of the design space. 

 
It should be emphasized that the goal of this process is not to create an engineered structure but 
rather to generate ideas and inspiration for form. Precise knowledge of all forces acting on an 
object under every condition is not critical; though knowing the relative or approximate 
magnitudes of the dominant forces that an object experiences can generate a physically 
meaningful result. As with all design, the engineering will come later. 
 
Of course, it may not be a designer’s intent to produce a physically meaningful result. In many 
designs, the forces that are experienced in the environment are not sufficiently large enough to 
be important factors in design. In such cases, the designer can use the bone-generation controls 
purely as sculpting tools, employed only to generate a variety of inspirational shapes. 
 
Exploring and Interpreting Generated Forms 
Interesting and unique challenges arise in the interpretation of forms generated by 
morphogenesis. The forms are very organic. Except in areas where the surfaces of the original 
design space are preserved, there are few if any straight lines or curves of constant radius. 
Forms tend to blend gradually from one area to the next with variable blends. Tapered ties often 
span voids much like the trabecular structures within bones. 
 
To aid in the visual exploration and interpretation of generated forms, a number of interpretive 
aids have been devised. A designer can interactively adjust the smoothness of the generated 
form, as well as its thickness after the initial morphogenesis is run. 
 

 
 
Figure 9: A designer can explore varying levels of structural detail and shape by changing the 

thickness and “roundedness” of the morphogenesis results. 



 
Cross sectioning tools and X-ray visuals are often valuable tools in seeing into the organic 
shapes. 
 

 
 
Figure 10: Visualizing forms generated by morphogenesis can utilize techniques similar to 

those used in medical imaging. 
 
The geometry generated by morphogenesis is polygonal. Consequently, it is easily written in a .st 
format that can be sent directly to a rapid-prototyping machine. Developing a surface or solid 
model from a form suggested by morphogenesis is typically done using a variety of 3D modeling 
techniques. The suggested form typically only serves as a 3D “template” from which a new 
design is interpreted. A designer is free to interpret as loosely or as literally as he or she desires, 
bringing many other design requirements and influences into the concept design. Morphogenesis 
is only one of the many contributors to a design concept. 
 
Differences between the topology of the final concept design and the “raw” morphogenesis 
results can produce significantly different structural behaviors between the two forms so, of 
course, engineering must still come in the product development process.   For the designer, 
morphogenesis is not an engineering tool—it is a source of inspiration for form. 
 
Because the forms generated by morphogenesis tend to be so organic, interpreting them in a way 
that captures their fluidity can be challenging. Naturally, 3D modeling software that offers more 
flexible tools for sculpting free-form solids, surfaces and polymeshes makes the job easier. 
Whereas some 3D modeling tools tend to lead designers toward tangential forms with constant 
radius blends and bland extrusions, morphogenesis challenges a designer and their geometric 
modeler to develop more expressive forms. 
 
Conclusion 
Modern computing power and software research are enabling new algorithm-based form-
generation tools. The forms generated by these tools offer new opportunity for design inspiration. 
They provide the possibility for the designer to experiment with form and to introduce functional 
considerations into the ideation process. They can suggest new form language and inspire 
designers to break out of conventional modeling methods. 


