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Abstract. Hierarchical patterns of leaf veins have attracted extensive attention in recent years.
However, it remains unclear how biological and mechanical factors influence the topology of leaf
veins. Here we investigate the optimization mechanisms of leaf veins through a combination of
experimental measurements and numerical simulations. The topological details of three types of
representative plant leaves are measured. The experimental results show that the vein patterns are
insensitive to the shape and curvature of the leaves. The numbers of secondary veins are independent
of the length of the main vein, and the total length of veins increases linearly with the leaf perimeter.
By integrating biomechanical mechanisms into the structural form-finding process, a
transdisciplinary computational method is developed to optimize the leaf veins. The numerical results
show that improving the efficiency of nutrient transport plays a critical role in the morphogenesis of
leaf veins. Contrary to the popular belief in the literature, this study shows that the structural
performance is not a key factor in determining the venation patterns. This work provides an in-depth
understanding of the optimization mechanism of leaf veins, which is applicable to the design of
high-performance shell structures.
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Introduction

The biomechanical mechanisms underlying the patterns of leaf veins have attracted extensive
attention of scientists, engineers, and designers [1-3]. Several numerical approaches have been
established to investigate the branch-like vein structures. The L-system method has been used to
analyze the growth process of plants [4]. However, this method only models a vein system
morphologically, without considering the biomechanical requirements such as nutrient transport and
shape maintaining.

Topology optimization has now become a powerful tool to explore the morphogenesis of natural
materials. In the past three decades, several optimization techniques have been successfully
established, including the solid isotropic material with penalization (SIMP) method [5,6], the
level-set method [7,8], the evolutionary structural optimization (ESO) method [9,10] and the
bi-directional evolutionary structural optimization (BESO) method [11,12]. Most recently, imposing
complicated constraints during the form-finding process has been realized [13-16]. By establishing
transdisciplinary computational methods for biomechanical morphogenesis, Zhao et al. [17-19] have
revealed the optimization mechanisms of, e.g., plant leaves and animal stingers. Using topology
optimization, a golden ratio distribution rule is found in venation systems (Sun et al., 2018). A
multi-objective optimization approach is developed to explore the vein patterns on a planar plate [20].
However, there is still a lack of quantitative study on the biomechanical mechanisms of vein
distributions on the shell-like mesophyll.

In this work, we investigate, both experimentally and numerically, the topology of leaf veins. The
vein patterns of three representative plant leaves are measured, including the Syringa vulgaris L.,
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Rosa chinensis Jacq., and Cotoneaster submultiflorus Popov. Biomechanical mechanisms of veins
such as nutrient transport and loadbearing are integrated into the computational morphogenesis. The
influence of the curved shape of mesophyll on the vein distribution is examined. This study reveals
the optimization mechanisms underlying the intriguing layout of venation systems. The presented
methodology can be applied in the design of high-performance shell structures such as aircraft skin

®) ©
Fig. 1 Optimized topologies for nutrient transport maximization: (a) a flat leaf, (b) a leaf folded along
the middle axis, (c) a leaf folded perpendicular to the middle axis, and (d) a leaf folded perpendicular
to the middle axis and with wrinkled edges.

Summary

In this study, the unique topologies of leaf veins have been investigated through experimental
observation and computational morphogenesis. It is found that nutrient transport plays a predominant
role in determining the form of venation patterns. Contrary to popular belief in the literature, this
research reveals that the structural performance is not the key factor of leaf vein patterns.
Furthermore, the experimental measurements show that the numbers of secondary veins are
independent of the length of main veins, and the total length of veins has a linear relationship with the
leaf perimeter. The numerical results show that the vein patterns are insensitive to the variation of leaf
shapes. This research deepens the understanding of the biomechanical mechanisms underlying the
intriguing layout of leaf veins. The presented computational method can be used for designing
efficient and innovative free-form shell structures. More details about this research can be found in
[22].
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