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Abstract 

Cross-laminated timber (CLT) has become a widely used wood product in walls, floors, and roof 

structures due to its high stiffness, relatively low weight, and ecological benefits of timber as a building 

material. Even though wood can be elastically bent and laminated into curved surfaces, the structural 

benefits of curvature are rarely in wood panel products. This problem is in part because of the 

complications of incorporating aspects of the material, geometry, manufacturing, and architectural 

constraints into a holistic workflow. To tackle this problem, we present a digital workflow for evaluating, 

exploring, and optimizing the use of single curved CLT surface geometries. The workflow consists of a 

parametric, geometric model, and a Finite Element Model (FEM) that is linked to automate and plot the 

structural results and the architectural geometry. Using this method and an optimization routine, we can 

identify structurally favorable geometries that reduce overall material use while considering the lamella 

thicknesses and fiber orientations required for manufacturing. The workflow was tested using a simple 

barrel-vaulted ceiling/floor slab with the dimension of a typical CLT panel, identifying the combination 

of viable curvatures and cross-sections that reduce material compared to a flat CLT panel product. 

Keywords: Curved timber panel, Rhino-Grasshopper, Abaqus, Cross-laminated timber, Panel optimization. 

1. Introduction and background 

Structural design consists of an iterative process such that architectural and engineering design can 

achieve a balance between functionality, appearance, performance, and material efficiency in 

contemporary construction. These iterations can be time consuming and therefore costly, particularly 

with modern architectural geometries. When design platforms between the architect and engineer are 

not integrated, substantial delays in the planning and design phases of the project can occur [1].   

Elongated design phase schedules can delay time to having occupants within a building and therefore 

revenue for the owners. As contemporary construction becomes more complex, interaction between the 

design team is essential to minimize the duration of the design phase. Back-and-forth communication 

becomes more cumbersome as complex structural details are required to satisfy geometric irregularities. 

Architectural software like Rhino/Grasshopper has developed advanced modeling techniques that 

involve parametric modeling to handle the project design phase [1], [2]. Architects use this software to 

facilitate the translation of ideas that come from natural inspiration into building forms [3], [4], [5]. 

However, the structural engineering behind those irregular elements requires additional analysis to 

guarantee the capacity and serviceability of such irregular geometry. 

Even though modeling techniques have developed at the same speed as modeling software capabilities, 

architectural modeling software cannot consider the effect of material capacity on irregular geometries. 
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These analysis limitations can be overcome by coupling different software to fill the gaps and 

complement the numerical simulation with additional results that verify the structural performance. 

Some Building Information Modeling (BIM) software like Revit have been linked to Finite Element 

(FE) software like SAP200 to obtain the structural response [6], [7]. For complex geometries such as 

curved shell elements, a more specialized and computationally powerful FE software (e.g. Abaqus) is 

necessary for parametric research studies based on the extensive and diverse element library available 

for modeling the curved surfaces using solid or shell elements [8], [9], [10]. 

Different methodologies have been used to couple geometric modeling software (e.g. 

Rhino/Grasshopper) and structural FE software (e.g. Abaqus). Models created in Rhino have been 

coupled with Catia, Hypermesh, Midas, Ansys, or Abaqus [12]; other cases generated the initial 

geometry in Rhino/Grasshopper to pre-process the input structural model with Autodesk plugins and 

then executed them using Abaqus [11], [12]. For irregular shapes constructed with 3D printed concrete, 

Rhino/Grasshopper was used to generate the models and create the input file to execute the structural 

analysis using Abaqus, which were compared and calibrated with experimental tests [13], [14]. 

Additional cases included other programming languages to create interfaces between AutoCAD through 

MATLAB or Python with Rhino/Grasshopper and FE software like SAP2000 and Abaqus [15], [16], 

[17]. 

The coupling approach of architectural modeling software and structural analysis allows for design and 

research teams to evaluate structures on multiple performance objectives thereby analyzing for 

optimization. Principal Component Analysis (PCA) [18], [19], [20] can be utilized to process large 

groups of variables to obtain the results as part of a whole system. The primary purpose of PCA is to 

identify correlations between a set of variables, or in this case, relations between complex model 

geometric parameters and the performance objectives being analyzed. Researchers applied these 

optimization methodologies directly to architectural and engineering fields for shape, architectural 

functionality, or structural performance optimization [21], [22], [23], [24]. 

2. Research objectives 

This paper provides a methodology of coupling architectural modeling software, Grasshopper/Rhino 

and structural analysis FE modeling software, Abaqus, to optimized curved cross laminated timber 

geometries. By coupling these software, the analysis does not require assumptions or modifications in 

terms of the model geometry compared to the cases where the numerical models are redefined in the FE 

software to simulate the behavior of the structure. In this case, any geometric interaction between 

different parts of the structure will be included in the analysis by considering the actual model shape. 

Cross laminated timber (CLT) is constructed from timber, a renewable resource, and has become popular 

in construction in recent years due to its sustainability performance and biophilic nature. Therefore, often 

volume of material is a key performance metric on CLT projects that often competes with the structural 

performance for large open floor plans. An optimization methodology was designed to consider the 

structural behavior of CLT panels in one-way bending, the volume of the material being considered, and 

the radius of curvature of the CLT in the structure. By evaluating a single panel, the basic cross section 

of the curved panel is assessed to define the optimal configuration that balances architectural and 

engineering objectives. 

3. Methodology 

3.1. Coupling of modeling software 

The first stage of the study analyzed different methods available to import the geometry of curved 

surfaces modeled in Rhino/Grasshopper [14], [15], [16], [17]. Two methods were defined based on the 

output file from Rhino/Grasshopper (Figure 1). The first methodology required a text file with the 

coordinates of the boundary points of the curved shells modeled in Rhino/Grasshopper. After that, the 

points were filtered to classify and organize them into data sets to define independent curves. A Python 

script was generated with the input values and executed in Abaqus to create a spline with each data set. 

A shell loft was created as part of the script to complete the model and assign the boundary conditions 
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for the analysis before solving the FE problem. The second methodology was based on a STEP file 

containing information on the entire surface modeled in Rhino/Grasshopper. This methodology provides 

the complete model part for the assembly as it was originally modeled. A Python script was generated 

to load the geometry and define the properties and boundary conditions. The script was executed in 

Abaqus to assign all the properties, and the FE problem was solved similar to the first methodology. To 

obtain the results, a Python script was developed to write the output into text files for post-processing 

and evaluate any optimization procedure. 

 

Figure 1: Workflow of the automatization process defined to analyze the curved panels. 

3.2. Optimization framework 

An optimization framework was developed to evaluate a corner-supported curved panel 8 m in length 

with a width-to-length ratio of 1:4. The structure was assumed to be a roof structure (Figure 2) with 

uniformly distributed dead load and live load applied normal to the panel surface. Three performance 

objectives were considered: material efficiency, structural performance, and service level. Each 

objective is evaluated by one parameter, such as the volume of timber, maximum stress, and deflection 

limits of the panel, respectively (Table 1). The optimization framework was developed around this case 

and will be applied to more complicated geometries in the future.  

Table 1: Performance objectives 

Objective Metric Evaluation Method 

Material efficiency Volume of timber Member sizing 

Structural performance Maximum stress FEM 

Service level Deflection limit FEM 

 

The CLT panels' cross-section was assessed based on the number of plies, categorized into three groups 

of 3-, 5-, and 7-ply panels with (n-1)/2 longitudinal plies and (n+1)/2 transversal plies. Longitudinal 

plies overlapped with the transversal plies; the transversal plies were always the top and bottom plies. 

Although the panel's thickness was adjustable, the transverse plies, oriented in the short span, were fixed 

at 10mm due to the curved panel's construction constraints. For each group, the longitudinal plies, 

oriented in the long span, were determined and ranged from ti = 10mm to ti = 50mm, with a 10mm 

increment. Each ply was arranged in an alternating pattern to define the panel cross-section, with the top 

and bottom plies always oriented in the short span (Figure 2). 

All models in the analysis were based on an orthotropic elastic material. The elastic modulus, Poisson 

ratios, and shear modulus for each direction were described in Table 2. To estimate the demand capacity 

ratio (DCR) of the panels under gravity load, the strength properties of grade V1 were used ANSI/APA 

PRG 320-2019 [25]. To evaluate the service performance of the panels, a limit of L/240 was defined as 

recommended for roof elements ASCE7-22 [26]. During the analysis, the self-weight of the panels was 

considered, in addition to the roof live load and snow load. 
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Figure 2: a) Boundary conditions for a general panel configuration, and b) Cross-section configuration of the 

panels (3-, 5-, and 7-ply). 

Table 2: Elastic properties of orthotropic material. 

Elastic material Strength limit 

E1 [MPa] 13530 Ft1 [MPa] 3.96 

E2 [MPa] 920 Fc1 [MPa] 9.31 

E3 [MPa] 676 Ft2,3 [MPa] 2.24 

μ12 [-] 0.292 Fc2,3 [MPa] 5.34 

μ13 [-] 0.449 Fv [MPa] 1.24 

μ23 [-] 0.390   

G12 [MPa] 866   

G13 [MPa] 1055   

G23 [MPa] 95   

 

The output parameters for the single panel consider three main properties. The first parameter was the 

volume of the panel, which is inversely proportional to the radius of curvature. The second parameter 

was the panel vertical deflections at three main points (Nodes B, D, and E) (Figure 3). The third output 

of the analysis was the normal stresses and shear stress, all at the top and bottom of the panels, at four 

main points (Node A, B, D, and E). Other points were not included due to the symmetry of the curved 

panel. 

 

Figure 3: Nodes and stresses distribution for output parameters of a single panel. 

To define the optimum panel configuration, each performance objective was graded in a range from 0 

to 1. First, all the outcomes were normalized for comparison; the volume of timber was normalized with 

the volume of a flat 3-ply panel having a value of 1 (the least amount of timber required for the given 

surface) and the 7-ply panel with a total thickness of 190 mm and radius of curvature of 1400 mm with 

a value of 0 as it used the largest volume of timber. The material efficiency objective considered only 

the volume of timber; its performance was evaluated with the other objectives. 

The vertical deflection was independently normalized for each node where it was calculated, assigning 

a value of 1 to the node with the smallest deflection within the entire data set of the three different ply 

layups to allow comparison between panels of different numbers of plies. Similarly, a value of 0 was 

assigned to the node with the largest vertical deflection for the entire data set of the same node. The 

performance value for the service level objective was calculated as the average of the normalized values 

(a) (b) 
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from nodes B, D, and E. The flat panel was not included in the normalization process of the vertical 

deflections because the flat panel represents an extreme value for the distribution. 

The DCR was calculated based on the strengths provided in Table 2 for the stresses in the panel. Each 

direction and location, either the top or bottom of the panel, was normalized independently between the 

entire data set of the three different ply layups to allow comparison between panels of different numbers 

of plies. A value of 1 was assigned to the case with the smallest DCR and a value of 0 to the largest 

DCR. Similarly to the vertical deflection, the flat panel was not included in the normalization process 

because the stresses in the flat panel represent an extreme value for the distribution. The structural 

performance was calculated as an average of the performance of each node (A, B, C, and D), considering 

the top and bottom location and each stress orientation (S11, S22, and S12, Figure 3). 

After calculating the independent performance objectives, each normalized value was assigned to an 

orthogonal axis of a three-dimensional space (Figure 4). To obtain a single performance value for general 

comparison, the volume of the triangular pyramid formed between the performance objectives and the 

origin was calculated to obtain a single value to rank the performance of the curved panels based on 

their efficiency. The cases that generate the largest volume were considered as the most efficient as they 

combine the results from each performance objective. 

 

Figure 4: Performance objectives for the curved panels. 

4. Results 

To analyze the panels, input parameters were defined to develop a Python script for Abaqus. Each 

numerical model featured different thicknesses of longitudinal plies, with constant length and width. 

Seven radii of curvature were analyzed, with the smallest and largest radius serving as limits for the 

intermediate cases. Intermediate values were determined by equally spacing the minimum and maximum 

curvature radius based on panel height. The analyzed radius values included 1400 mm, 1509 mm, 1651 

mm, 1838 mm, 2092 mm, 2454 mm, and 3000 mm. A flat panel (curvature radius equal to 1x106 mm) 

was also included as a base case to compare the timber volume required for each curved panel. 

The numerical model was developed in Abaqus as a 3D extruded shell based on the radius of curvature 

provided. The material properties were elastic during the entire analysis, and the strength limits provided 

in Table 2 were used for further comparison. A composite shell section was assigned with the required 

number of plies, and their thickness and orientation were assigned for the longitudinal and transversal 

plies. The analysis was performed as static, with the self-weight loaded as the density for the material, 

and the live load and snow load were applied as a distributed load perpendicular to the panels’ surface. 

The mesh size was 200 mm. The control points were defined to verify and obtain displacements and 

stresses from the numerical models. 

4.1. Volume of timber 

The panels were classified into three groups based on the number of plies assigned. This classification 

was used for comparison because the performance values were calculated considering all the groups as 

part of the same data set to analyze all the panels under the same parameters. If each group of panels is 

compared independently, the panel with the smaller radius of curvature (1400 mm) requires 11.4% more 

timber than a flat panel. The increase in the volume of timber for each radius of curvature is shown in 

Table 3 where the volume rate is the percent increase in volume of timber as compared to a flat panel. 
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Table 3: Increment of volume ratio for a single panel group. 

Radius [mm] 1400 1509 1651 1838 2092 2454 3000 1x106 

Volume rate [%] 11.4 9.3 7.4 5.7 4.3 3.0 2.0 0.0 

4.2. Vertical deflections 

Vertical deflections were measured at three nodes (B, D, and E), and the behavior was similar for all 

groups. The cases with thicker plies and smaller radius satisfy the deflection limit for the imposed loads. 

The bending effect in the short direction reduces the deflection at node E with respect to node D. This 

effect was seen in the 3-ply panels and less proportion for the 5-ply panels. (See t = 50 mm cases with r 

= 1400 mm in Figure 5). Even though most of the panels do not satisfy the limit deflection ratio, the 

relationship between the responses was still acceptable for estimating the performance of the panels. 

The material was considered elastic, therefore Figure 5 shows that deflections and load capacity are 

limiting design parameters for the design of curved panels. If the applied load were reduced, the relation 

would remain linear to satisfy the deflection limits. 

 

Figure 5: Vertical deflection ratio for 5-ply panels. 

4.3. Maximum stress 

All the curved panels showed a similar stress distribution (Tension = Red, Compression = Blue, Figure 

6 and Figure 7) based on the assigned orientations (Figure 3). The S11 stresses are the primary bending 

stresses in the short direction of the panel, the S22 stresses are the primary bending stresses in the long 

direction of the panel, and the S13 stresses are the shear stresses in the panel. For the S11 orientation of 

the model, the top fibers at the center are in tension (Figure 6a). This effect was increased for a smaller 

radius of curvature due to the application of a distributed load normal to the surface at the top of the 

panel. This is the same effect that produces lower vertical deflections at node E compared to node D. 

The S22 orientation corresponds to the long-span distribution, for which the curved panel shows the 

same distribution of a simply supported beam with tension at the bottom fibers and compression at the 

top fibers (Figure 6b). Regarding the shear stresses, Figure 6c and Figure 7 (Node A, orientation S12) 

show some stress concentrations at the corners of the panel, which are related to the boundary conditions 

assigned as fixed on a single point. 

 

Figure 6: FE model deformed shape and stress distribution: a) S11, b) S22, and c) S13. 
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Figure 7: DCR classified per node location and stress orientation of the 5-ply panels. 

4.4. Optimization process 

The results from each performance objective were normalized with the values from all the panels, and 

the results (range between 0 to 1) were plotted in 3D to generate a triangular pyramid with the origin. 

The volume of the pyramid represents the global performance of the panels (Figure 8), where if one of 

the performance objectives received a low grade, the general performance is affected proportionally to 

the normalized values. Figure 8 shows the cases for the 3-ply panels, for each row from left to right; 

when the radius of curvature increased (curvature reduction), the material efficiency was increased due 

the reduction of timber volume, however the service level (vertical deflection) and structural 

performance (bending stress) objectives reduced their efficiency with the increase of the radius of 

curvature. Equivalently, for each column in Figure 8, from the top to the bottom, as the thickness of the 

panels increased, the material efficiency decreased due the increase of timber volume; however, the 

service level and structural performance objectives increased their efficiency as the maximum stresses 

and vertical deflections were reduced. 

As a summary of the behavior of the curved panels with variable radius of curvature, variable thickness, 

and different numbers of plies, Figure 9 shows a comparable response in all the cases. For 3-ply panels, 

the optimum cases are the panels with the smallest radius of curvature independent of their thickness. 

For the 5- and 7-ply panels, when the thickness of the panels is required to be larger, the optimum cases 

are the intermediate radius analyzed. In addition, as a global result, panels with a total thickness between 

50 to 70 mm are the ones that show a better performance, independent of the number of plies. 

Table 4 describes the best cases for each of the cross-section configurations. As mentioned before, panels 

with thicknesses between 50 and 70 mm have the best global performance. The fabrication cost should 

be the final variable to determine which alternative is more efficient and economically reasonable for 

the design of bigger structures. However, that is out of the scope of the current research. 
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Figure 8: Normalized performance ratios for stresses (σ – X axis), volume of timber (V – Y axis), and vertical 

deflections (Δy – Z axis) of the 3-ply panels. 

 

Figure 9: Panel performance as a function of normalized stresses, timber volume, and vertical deflections for 3-, 

5-, and 7-ply panels. 

Table 4: Summary of the best performance cases based on the number of plies 

Number 

of plies 

t Vol Performance objectives Global performance 

[mm] [m3] Volume [-] Deflections [-] Stress [-] [-] 

3 60 1.07 0.80 0.82 0.82 0.54 

5 50 0.89 0.86 0.81 0.78 0.54 

7 70 1.25 0.74 0.87 0.87 0.56 

 

5. Conclusions and future work 

This paper provides a framework for coupling modeling software used in the architectural field with 

powerful commercial FE software to analyze the structural performance of a curved CLT structure and 

an optimization framework to balance architectural features with structural performance. This process 

reduces the uncertainties generated by simplifications or modifications in the geometry for the FE model. 

Using Python scripts to generate the numerical model from the boundary points of the curved structures 
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or to import the entire surfaces results in an easier and convenient solution to perform parametric 

analyses with multiple iterations. 

For the optimization process, each performance objective (Table 1) was analyzed independently, and the 

results were combined to obtain the global performance of the curved panels. In terms of the timber 

volume, if the number of plies was constant, the maximum increment of timber volume was 11.4% 

compared to the flat panel. However, to use a flat panel, it was necessary to reduce the span or include 

longitudinal beams to give support to the element as traditional construction methods to satisfy the 

performance objectives.  

Vertical deflections were defined as important parameters that limit the maximum applied load and 

control the curved panel’s design. In addition, the maximum vertical deflections were located at the 

border of midspan as the center point tends to have lower deflections due to the transversal bending 

effect caused by the applied distributed loads normal to the panel surface. The stress distribution in the 

panels was similar for all the cases, and it was also considered as a limiting factor for the design to 

reduce the maximum applied load based on the material strength. 

Next steps in this research will include analyzing a bigger structure modeled with curved cross-laminated 

timber panels to generalize the interaction between the parametric modeling software and the FE 

software. In addition, with a bigger structure, panel optimization will be applied to determine the 

interaction of different surfaces and develop a methodology to include the connections between the 

panels. 
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