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Abstract. Tessellation is a flexible modelling method for 
computational designers that allows to articulate and detail complex 
topological surfaces by repeating components along target surfaces. 
This technique provides a discretization strategy compatible with many 
digital-fabrication processes. Well-known geometrical issues limit such 
an approach on surfaces characterized by highly variable curvature, 
which can output errors such as self-intersections and undesired 
deformations. This research shows geometrical methods to manage 
such problems and implement them in an open-source tool. In 
particular, automatic and manual procedures for manipulating normal 
vector fields are utilized and applied to the modelling of complex shape 
case studies. 

Keywords.  Industry; Innovation; Infrastructure; Architectural 
Geometry; Computational Design; Topology-based Design; 
Tessellation Mesh Subdivision Modelling; SDG 9. 

1. Introduction 

Since the early 2000s, complex modelling has been a major area of development for 
the CAAD-related research fields, paving the way to systematic studies on the topics 
of form-finding, digital manufacturing, and data-driven design. The use of 
computational tools in the last decade rendered accessible the design and construction 
of complex architectural shapes through tessellation, by combining non-destructive 
implicit and explicit modelling logics (Chang, 2018). In existing modelling software, 
different methods are employed to represent complex geometry. A first approach relies 
on the use of implicit surfaces as defined by (Opalach and Maddock, 1995). Marching 
Cubes (MC) are often employed as a technique to conveniently visualize arbitrary 
shapes (Lorensen and Cline, 1987). With an appropriate resolution, MC provides 
dimensionally accurate unstructured mesh models, i.e. characterized by irregular edge 
connectivity (Bern and Plassmann, 2000). A second approach uses computationally 
less expensive explicit surface representation, which relies on the use of NURBS or 
polygonal mesh surfaces. The latter, when combined with mesh subdivision 
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techniques, allows for smooth modelling that outputs structured meshes surfaces. 
These enable a high-degree of flexibility that is fundamental in complex multi-steps 
modelling applications (Ovar et al., 2021). Free-form architectural shapes can be 
beneficially modeled and manufactured from the use of paneling methods that rely on 
tessellated explicit surfaces (Eigensatz et al., 2010), which are populated with 
parametrically morphed planar/three-dimensional components. The emergence of such 
a modelling approach into architectural design has been streamlined in the last decade 
by the development of tools such as Paneling Tools (Issa, 2012) and Pufferfish (Pryor, 
2021) for Rhino and Grasshopper; and Tissue for Blender (Zomparelli, 2019). These 
tools simplify the tessellation operation into a few steps: defining a component of any 
complexity (Figure 1a); obtaining polygonal sub-domains from the quadrilateral 
tessellation of a target mesh or NURBS surface (Figure 1b); utilizing the UVW 
coordinates to generate box-like volumes (Figure 1c); using these to generate seamless 
geometry by the array of parametrically deformed components (Figure 1d). Modelling 
complex shapes through tessellate operations is extremely intuitive. However, 
geometrical issues can arise when engaging with forms characterized by highly 
variable curvature. In this study, we aim at extending the capability of such modelling 
workflows by implementing open-source methods to some of the known geometrical 
limitations that are easily encountered by designers without a technical specialization 
in architectural geometry. 

Figure 1. The fundamental steps involved in tessellation 

2. Research Problem and Methodology Overview 

Figure 2 shows monoclastic, synclastic and anticlastic surfaces and geometrical issues 
emerging when their respective components are thickened along their normals in 
presence of concave narrow curvature, such as (1) the self-intersection of thick element 
on surfaces with narrow concave curvature; and (2) the distortion of thick elements due 
to convergent or divergent normal vectors in the target surface (Figure 3). Wallner et 
al. (2001) described a method to determine the maximum offset distance for a given 
input surface, and thus, minimize such modeling issues. Issues with self-intersections 
were previously addressed alterations of the original topology through trimming 
operations (Elber, 2003). However, none of the existing approaches are systematically 
overcoming the intersection and deformation issues generated during mesh tessellation 
operations with target geometries of largely variable curvature (Shi-Yu, 2011). In this 
work, we present a set of geometrical methods to tackle such problems and their 
software implementation into an existing modelling tool which systematizes the 
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advanced control of tessellate operations. 

Figure 2. Examples of tessellation of thick elements on monoclastic, synclastic and anticlastic subd 
surfaces. The thickness of the components produces self-intersections 

Figure 3. Distortion of the components according to normals convergence or divergence 

3. Methods  
The overall research methodology involves the definition of the geometrical problem 
on a number of modelling case studies, the development of a modelling method and its 
implementation as a tool. The presented techniques have general architectural 
geometry validity, but were here implemented within the open-source environment of 
Blender, which also facilitate a complete access to mesh data information. Two 
approaches that solve the self-intersection of components are presented, which define 
displace directions different to the normal vectors. Both approaches face a common 
issue, related to the correct estimation of the displacement factor to achieve the desired 
thickness.  The components deformation of convex and concave surfaces once they are 
remapped along non-parallel displacement vectors is also addressed. We implemented 
an approach to differentiate and customize the normal directions for the different parts 
of a component and reduce the deformations in critical areas. 

3.1. SELF-INTERSECTIONS PREVENTION METHODS 

Smooth Normals Method - The first presented method offers an automated procedure 
to correct the normals vector field of a mesh surface, to avoid intersections. A 
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smoothing iterative algorithm is therefore employed to reduce and diffuse singularities 
in the normals vector field. This operation distributes the individual coordinates (x,y,z) 
of the normal vectors, based on a diffusion value diff and a number of iterations to 
control (Figure 4). 

Figure 4. Iterative smoothing of Normal Vectors 

The amount of smoothing iterations varies according to the mesh density and the 
specific surface features, the number of smoothing iterations (Figure 5). 

Figure 5. Comparison of the normal smoothing correction on different surfaces. The picture shows 
different levels of corrections according to the number of smoothing iterations 

Target Surface Method - Figure 6 shows the second method based on the use of a 
target surface, topologically identical to the base surface, in order to define a new 
vectors’ direction, from the vertices of the base, to the vertices of the target. It is 
therefore important that the indexing order of the vertices for both meshes is the same. 

Figure 6. Visualization of custom normals according to the Target Method 
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This method, while being more complex, allows for a complete control of the 
displacement direction and the component's shape (Figure 7). 

 Figure 7. Comparison of the target surface correction on different types of surfaces 

3.2. THICKNESS COMPENSATION METHODS 

Local Thickness Compensation - Working on Custom Normal directions allows to 
avoid self intersections in the geometry. In certain cases, this causes an alteration of the 
generated thickness, especially using the target surface method where alterations of the 
vector length connecting the two surfaces may happen. A simple normalization of the 
vectors is insufficient to ensure a uniform thickness because the altered vectors are not 
perpendicular to the surface. A solution is offered by a subsequent adjustment of the 
vector length based on the angle between the original normal vectors and the new 
custom normals. The accuracy of the result will depend on the proportion between the 
size of the faces and the adopted thickness. Figure 8A shows how moving a vertex P 
along its custom normal with the desired offset d, its displacement P’ is obtained. P’’ 
is defined as the perpendicular projection of this point onto the starting mesh surface. 
When P’’ falls within one of the neighboring faces of P (f1 or f2), the local adjustment 
produces correct results. Otherwise, the resulting thickness will depend on faces that 
have not been taken into consideration in the first place. In those cases a more global 
method is required, involving a larger portion of a surface beyond the neighbor faces. 

Figure 8. Thickness compensation methods 
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Global Thickness Compensation - Figure 8B describes a global compensation 
approach based on a series of iterations that progressively refine the length of the vector 
according to a desired thickness t. The iterative procedure begins with a tentative vector 
length d defined according to the previously described local method. The distance d’ 
between P’ and P’’ is then checked. Further adjustment iterations multiply the 
previously used distance d by a factor equal to t/d’, until the gap between d’ and t is 
irrelevant for the design purpose. As visible in Figure 9, the thickness quality improves 
with dense meshes and with a high number of iterations, while in Figure 10 is possible 
to see the effect of such a correction using the target surface method, in comparison 
with the default method that generates intersections.   

Figure 9. Comparison between a simple thick mesh and thickness operation based on the Target 
Surface method using an iterative Global Thickness Compensation 

Figure 10. Tessellation of the Component (A) on a Base Surface (B). The Default method (C) 
produces self-intersections. Target Surface method (D) produces a correct geometry (E) 

3.3. NORMALS DISTORTION CONTROL 
The position of each vertex of a component along a surface (or subd patch) is defined 
by the remapped coordinates from XY (absolute coordinates) to UV (parametric 
coordinates). According to the UV coordinates, a specific normal vector N(uv) is used 
to displace the vertex defining the third coordinate from Z to W. The method in Figure 
11 operates a distinction between the UV coordinates (A) representing the position of 
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each vertex on the surface according to its XY coordinates, and the U’V’ coordinates 
(B) used to evaluate the normal directions N’(u’v’), to determine the W axis used for 
the Z component. With this approach, it is possible to assign to a portion of the 
component object the same direction N’, scaling down the vertices of such a portion to 
a single point in U’V’, while the UV coordinates remain proportional to XY. This is a 
series of parallel translations of the vertices of the interested part (D). Mesh modelling 
software typically employs UV coordinates for texture mapping, and the same 
information is here used to manipulate U’V’ and the normal directions. 

 

Figure 11. Distinction between UV and U’V’ spaces and result of the distortion control 

4. Software Implementation 
The presented methods were implemented within Tissue for Blender, in the tessellation 
settings. In the current implementation, the Smooth Normal method can be activated 
when the default Normals direction is used. A specific number of iterations can be set, 
together with a Vertex Group, a technique that allows the differentiation of the 
smoothness according to a scalar field along the surface. When a specific Target Object 
is used for the Thickness Direction, an Even Thickness option allows the use of the 
Thickness Compensation with the possibility to specify the number of iterations. The 
distortion control is implemented in the add-on as Evaluate Normals and is taking 
advantage of the UV Mapping tools inside Blender. It is indeed possible to define the 
coordinates U’V’ of the component object as a dedicated UV layer that can be easily 
manipulated according to the specific design needs. 

 Figure 12. a) Smooth Normals option with a specific number of iterations b) Even Thickness option 
with a parameter controlling the number of iterations when using a Target Object 
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5. Results and Discussion 

The Normals Smoothing method is an automatic procedure. It is compatible with both 
anisotropic and non-uniform diffusion of the normals along the surface, allowing 
selective operations. Despite this level of control, on more complex surfaces it may 
produce an inversion of the thickness direction when some of the normals intersect the 
surface itself. With a high number of iterations, the vectors tend to become parallel, 
losing coherence with the shape of the surface. The Target Surface method offers a 
highly customizable tool able to solve complex cases that cannot be addressed by the 
Normal Smoothing method (Figure 13).  

Figure 13. Comparison of a Tessellation of the Component (A) on a Base Surface. The Default 
method (C) produces self-intersections, while the Target Surface method produces a more 

controllable geometry (D) 

The use of this method is recommended when i) both the original mesh and target 
mesh can be automatically generated from the same algorithm that ensures a coherent 
indexing and parametric shape control; ii) when the operation is performed from a 
flexible mesh modelling tool, that easily allows for manual editing of the target mesh. 
The implementation of the global thickness compensation is defining two different 
corrective factors for the custom normals: positive and negative, on the two opposite 
sides of the base surface. As an approximation, those corrective factors are applied to 
the bounding box of the component object, while for higher accuracy, it is instead 
necessary to use different values for every vertex of the component. This 
approximation is the result of a compromise between the accuracy and efficiency of 
the algorithm. There are some specific aspects that should be taken into consideration 
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when using this method: i) the problem should have a possible solution, meaning that 
for a given vector direction it should be possible to find a displacement factor resulting 
in a point at the desired distance t from the surface; ii) the initial tentative displacement 
d has an important role for the convergence of the solution, and ideally, for each vertex 
P of the component it should be a function of the coordinate Wp, since they should 
eventually be displaced with a different value; iii) some open meshes may produce 
incorrect values along the borders, if the desired solution is outside the surface itself, 
since in every iteration the points are projected back on the surface. This may produce 
a divergence in the solution. 

The developed techniques successfully tackle some limitations of tessellation 
strategies on extremely complex surfaces. The developed tool uses both automatic and 
manual procedures to control the described geometrical issues. This extends the range 
of possible applications of topology-based modelling by offering both design flexibility 
and dimensional control.  
The methods can be generalized and easily replicated inside other modelling pieces of 
software operating with Mesh and NURBS geometries. Future research will include 
options for the advanced control of both the position and shape of specific geometrical 
features in UV, and specific conditions such as the planarity of certain portions within 
a specific component. 
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