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6	 Step-by-step actions of graded membrane stiffness value optimization membrane design, digital setup, simulation, testing, and digital tool calibration
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77	 Incremental improvement of the stiffness value set by reduction of deviation value between the simulated mesh and the point cloud.

the smallest maximum distance and reducing the number of 

magenta nodes in the simulated mesh. 

To derive the set of unknown stiffness values, a genetic 

optimization algorithm is used to minimize the distance 

between the digital mesh and the point cloud of the 

corresponding textiles (Fig. 5). The optimization loop is 

established with the Galapagos plug-in for Grasshopper 

Rutten 2020), integrated in a double solver simulation with 

Kangaroo (Piker 2017) and K2 Engineering workflows. Here 

the engine is going over the stiffness value combinatorics 

within the given boundaries (150–8500 MPa) and applying 

them to the mesh zones. With each stiffness value appli-

cation, the algorithm is measuring the distance from the 

resulting simulated mesh to the point cloud. If it exceeds the 

maximum desired value, the search for the optimal stiff-

ness values continues until the deviation is acceptably low. 

On average, the search for each design solution took 10–15 

hours and an average of 20,000–25,000 iterations. Figure 

7 shows the incremental reduction of both magenta nodes 

and the maximum distance, while the mesh is getting closer 

to the point cloud geometry. 

RESULTS AND DISCUSSION
This paper describes the method of stiffness value deter-

mination for graded knitted membrane material. Initially, 

unknown mesh stiffness values are optimized, using 

corresponding point clouds as target geometries for mini-

mizing the distance to the mesh. As a result of the exercise, 

the stiffness values that would bring the digital mesh very 

close to the corresponding physical model geometry have 

been found (Fig. 8). The tolerance between the point cloud 

and the simulated mesh is between 16 mm and 36 mm, 

which is acceptable for the expandable fabrics. Although 

the results for each geometry were very promising, the 

stiffness values for the same fabric type differ from design 

to design, and the cross-application of discovered values 

would give deviating results. This means, for example, 

that the stiffness values that work perfectly for design D 

would not work for F. This challenge provoked the authors 

to rethink the method and to find a potential system in the 

results to improve the method for the future development of 

the work. 

For that reason all the discovered stiffness value sets are 

cross-applied to all the other designs. This exercise is 

explained in Figure 9 through D-, C-, and E-based optimized 

results. The results for each cross-application are sorted 

based on the deviation from the corresponding point cloud: 

from the smallest in the target design to the most deviating 

in the rest of them. When looking at the selection of design 

pairs based on their stitch ratio proportion similarity (D/G, 

C/E, I/H, E/H), interesting findings emerged. In the analysis 

of the results, the following aspects are taken into account: 
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8
8	 Diagram showing (top to bottom) the tested design range, optimization results mapped onto the mesh, stitch ratio proportions, and stiffness values.

can be explained by the lack of pattern boundary tracing. 

As the pattern linework was not traced in the point clouds, it 

is challenging to evaluate whether the simulated mesh has 

taken the exact right shape. Possibly, while the overall mesh 

boundaries were quite close after optimization, the inner 

boundaries of the pattern might remain off.

Additionally, in the described optimization setup, the rela-

tions between the stitch type areas were not defined but 

rather left too open. The same stiffness value range condi-

tion (150–8500 MPa), introduced to all the zones, created a 

situation where the same stitch type zone is obtaining both 

the low and the high stiffness values in the different designs.

REFLECTION AND CONCLUSION
Despite the challenges encountered in the universality of 

the method, the presented workflow is an important step 

toward an understanding of the graded knit behavior. The 

optimization of stiffness values per design showed a high 

degree of precision, interlinking the pattern design, fabri-

cation data, physical testing data, and the corresponding 

digital simulation.

stitch ratio, geometry of the pattern, and the depth of the 

cones under the stretch.  

Cross-application of stiffness values between topologically 

similar patterns (“cross-like” in D/G) shows less deviation 

from the equivalent point clouds (Fig. 9 top), while topo-

logically different patterns, although with similar stitch 

ratio (C/E), resulted in a larger error to the point clouds 

(Fig. 9 middle). Topologically similar designs with a close 

stitch ratio (E/H) but variation in pattern density (dispersed 

checkerboard vs. large shapes) performed a noncom-

patibility of stiffness values. The numbers resulting from 

optimization on the shallower designs (A, B, C, F, H) are 

higher, while the values trained on deeper geometries (D, E, 

G) are lower (Fig. 10). This is logical, as the stiffer mesh has 

more resilience against the load and therefore results in a 

shallower cone.

Overall, the value of discovered stiffness values remains 

doubtful, as it is unreliable to reuse them for pattern 

geometry other than the one that was used to train the 

optimization. The discrepancies among the stiffness values 
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9	 Results of the cross-application of the stiffness values trained on a particular design. 9
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10	 The resulting stiffness value sets for each panel design.
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A future research work would imply a further increase 

of digital complexity, introducing a wider search range 

of stiffness values, finding a way to quantify the pattern 

density (dispersed vs. large zones), establishing the rela-

tions between the stitch types (stiff vs. expandable), and 

introducing additional springs for reflecting the stitch 

type differences. These implementations might potentially 

increase the method’s precision, transforming it to the tool 

for generating stiffness values for heterogeneous knitted 

membranes. 

A more reliable digital tool for graded knitted membranes 

would allow for a greater confidence in design with this 

challenging but high potential material for architectural 

applications. Predictability of graded knit material behavior 

would build trust in using it for large-scale architectural 

elements, where heterogeneous material density and 

elasticity can contribute to functionality and structural 

performance while being highly sustainable and waste-free 

in manufacturing.
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