






































views of the fuselage are shown in Figure 19 with key dimensions labeled. The initial properties 

of the design problem are provided in Table 7. 

 

 
 

Figure 17: Design space exploration for the 

curved cantilever beam 

Figure 18: Design space exploration with finer resolution 

around the solution for the curved cantilever beam  
 

The objective is to achieve a target 

volume of 100,000 mm
3
 or 65% porosity 

relative to the solid model while 

minimizing the deflection of the structure.  

The ground structure for the fuselage is 

generated by TrussCreator with the 

desirable unit-cell sizes as provided in 

Table 7. There are 214 unit cells in the 

ground structure. The weighting values in 

Eqn. 13 set at: Wv = 0, Wnv = 1, Wp = 5. 

With these weighting values, the topology 

is generated with 101 crossed 

configurations and 113 diagonal configurations. The topology matches the expectation based on 

the solid-body analysis. Other topologies were also generated by varying the weighting values. 

However, this topology has the best structural performance for this particular structure and 

loading condition. The average displacement of selected nodes on the top of the fuselage, where 

the large displacement occurs according to the solid-body analysis, is used as the metric for 

deflection.  

The strut diameter results are 

summarized in Table 8.  The 

active-set method returns the best 

deflection value but at the expense 

of design time with more than four 

times longer than the fastest 

method: 28% assumption. 

However, 28% assumption returns the worst deflection result compared to the two 2-variable 

approaches.   Of the 2-variable optimization methods, the least-squares minimization approach 

  Table 7: Initial properties for the fuselage 

A1 (mm) 47 L (mm) 254 

A2 (mm) 90 Fmotor (N) 5.9 

A3 (mm) 45 FTail (N) 2.7 

D (mm) 45 
Fpayload 

(N/mm2) 
0.1 

Unit-cell in-plane 

(mm) 
12 Modulus (N/mm2) 1960 

Unit-cell in-plane 

(mm) 
12 Poisson Ratio 0.3 

Unit-cell out-plane 

(mm) 
8 

Target Volume 

(mm3) 

100,00

0 

L

A1  (FRONT) 
A2

A3 D

 
Figure 19: Multiple views of the fuselage 
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is noticeable faster. The structure contains 101 crossed configurations and 113 diagonal 

configurations. The pre-scaled values of DMI� and DMAX for the active set method are 0.5178 mm 

and 7.1406 mm, respectively. Figure 20 shows the final topology of the MAV design using the 

active-set method, as well as the results from the intermediate steps. 

TailFixed support
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Figure 20: Final topology for the fuselage. 
 

In addition to the three optimization approaches, design space exploration/grid search was 

conducted.  The design space exploration is done using pre-scaling values of diameters.  DMI� 

and DMAX were iterated from 0.1 mm to 10 mm and with an increment of 0.1 mm. The increment, 

0.1 mm, is coarse to reduce analysis time. However, even with the coarse increment, the design 

space exploration already takes a long time to complete. Exhaustive search is not a feasible 

solution for structures with large numbers of struts. The result is plotted in Figure 21a. A finer 

resolution of the design space was conducted around the apparent minimum by searching DMI� 

from 0.4 to 0.6 mm and DMAX from 7 to 7.3 mm with an increment of 0.01 mm. Figure 21b 

shows the design space zoomed into the region of interest. The red diamond indicates the 

minimum found in the design space exploration. Diameter results that return the lowest objective 

function value are shown in Table 8. The design space exploration diameter values are found to 

be close to the values obtained from the SMS method. Both two-variable optimizations were able 

to return results with much less design time than design space exploration. It can be seen from 
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Figure 21b, there is a valley in the design space exploration near the solution, which might cause 

the active set method to converge slowly because of the shallow gradient along one direction.  

 
Table 8: Optimization results for the fuselage 

Optimization 

Approach 

28% 

Assumption 

Active-

Set 

Least-square 

Minimization 

Design Space 

Exploration (Pre-

scaled) 

Design Space 

Exploration Scaled 

Deflection(mm) 0.327 0.299 0.319 0.296 0.296 

Volume (mm
3
) 100000.0 99973.0 100010.0 100000 100000 

Dmin (mm) 0.85 0.65 1.12 0.48 0.62 

Dmax (mm) 3.04 4.16 3.29 7.28 4.22 

Design Time (s) 378.6 1630.9 508.9 76660 76660 

 

5. Conclusions 

In this article, two advances are reported for designing MSLS. First, computer-aided design 

technologies were developed for efficiently generating and representing MSLS. More 

specifically, methods to construct conformal lattice structures were presented. Secondly, an 

augmented size matching and scaling design method for the design of conformal lattice 

structures was presented.  This method enables us to design and efficiently optimize MSLS on 

complex-shaped parts by integrating the free-mesh approach in generating conformal lattice 

structures for the ground structure generation process. In addition, the method removes the need 

of rigorous large-scale multivariable topology optimization by utilizing a heuristic that reduces 

the multivariable optimization problem to a problem of only two variables, which combines 

solid-body analysis and predefined unit-cell library to generate the topology of the structure. 

Based on this work, the following conclusions can be made: 

[a] [b]
 

Figure 21: [a] Design space exploration for fuselage, [b] Zoomed-in design space for the fuselage 
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• The present CLS construction methods produce lattice structures on a wide variety of surface 

shapes, demonstrating the generality of the method.  These methods produced CLS that was of 

high quality, since the unit cells were of nearly uniform size. 

• In step 3 of the augmented SMS method, a new algorithm was developed to determine which 

unit cell of the ground structure the finite-element nodes fall into.  After the finite element 

nodes are mapped to the correct unit cells in the ground structure, a stress transformation from 

global to local coordinate systems of the unit cells is conducted using standard rigid-body 

rotations.  Utilizing the property of second-order tensor, the stress was transformed to its 

proper local state to generate the correct topology as shown in the examples. 

• For these particular structures with the given loading conditions, topologies generated with 

crossed configuration, diagonal configuration for Example 1, and a combination of cross and 

diagonal configurations for Example 2 return the best possible stiffness result. 

• The weighting values Wv, Wvn, and Wp from Eqn. 13 should be set such that the topology is 

generated with the diagonal configuration for Example 1, and a combination of crossed and 

diagonal configurations in Example 2. These weighting values are associated with Vσ∑ , Vnet, 

and P∑ , respectively, in Eqn. 13.  P∑  is a performance parameter that always favors the 

cross configuration because it has the lowest strain energy. 

• No generalized statement can be made on which unit-cell configuration should be selected 

because the method and the unit-cell library are only tested for a narrow set of design problems. 

• Between one-variable and two-variable optimizations, one-variable optimization using the 28% 

assumption consistently returns diameter results much faster than either two-variable 

optimization methods, but at the cost of structure stiffness.  The two two-variable optimization 

methods produced very similar results in the first design example in terms of stiffness and 

design time. However, least-squares minimization outperformed the active-set method in terms 

of design time in the MAV example. Due to the trade-off between design time and structural 

stiffness, the designer must make choose which design criteria are more important in his/her 

design when choosing the optimization approach. 

• Overall, the augmented SMS method can be applied effectively in the design of conformal 

lattice structure with highly optimized stiffness and volume for complex surfaces.  For simpler 

structures such as in Example 1, the augmented SMS method can reduce design time up to 70 

times compared to normal topology optimization using a two-variable approach.  In cases 

where topological optimization is infeasible, such as Example 2, the augmented SMS method 

can still effectively generate complex MSLS.  This approach removes the need for a rigorous 

topology optimization, which is a main bottleneck in designing MSLS.    
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