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Fig. 1 Experimental fabrication, computational design, and performance characterization of materials-
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Fig.2 Typical materials with an extreme Young’s modulus
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Fig.3 Bounds on the Young’s modulus and related mechanical properties. (a) Development of microscopic

models for materials with extreme Young’s modulus, determination of the theoretical bounds on the
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Young’s modulus, and data-driven validation on the bounds''™; (b)-(¢) Design of materials with tensile

mechanical properties approaching the theoretical bounds*
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Fig.4 Bounds on the bulk modulus™®’. (a) Bulk moduli, atomic volumes, and atomic stiffnesses for elements within

the periodic table; (b) Comparison between predicted bulk moduli and first-principles calculations for thou-

sands of crystals in the database; (¢) Treasure map of ultraincompressible materials
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Fig. 5 Bounds on the Poisson’s ratios. (a)-(b) Bounds on the Poisson’s ratios and data-driven validation for crystals

of different crystal systemst'*;

(c¢) Bounds on the Poisson’s ratios for two-dimensional hexagonal crys-

talst'; (d) The mechanism is revealed as the interplay between two deformation modes™""
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Knowledge and Data-driven Exploration

of Bounds on Mechanical Properties: A Review

Enlai Gao

(Department o f Engineering Mechanics, School of Civil Engineering » Wuhan University , Wuhan, 430072)

Abstract Bounds on the mechanical properties provide fundamental guidelines for finding materials or
structures with extreme mechanical performance. However, the bounds on some important mechanical
properties, such as Young’s modulus and tensile strength, remain unknown, while the search for target
extreme materials from infinite potential materials of element combinations across the periodic table is chal-
lenging. It has long been questioned: have we approached the bounds on these mechanical properties? Is
there a material that is stiffer or harder than diamond? To determine the bounds on the mechanical proper-
ties and find materials or structures with extreme mechanical performance, the key is to understand and
quantify the structure-property relationship. Over the past decades, many attempts and achievements have
been made to model the structure-property relationship, such as empirical/semiempirical formulas, first-
principles calculations, machine learning, but these approaches often suffer from limitations in terms of ac-
curacy, efficiency, universality, or interpretability. With the accumulation of knowledge and data, knowl-
edge and data-driven understanding and modeling of structure-property relationships have shown immense
potential. Recent studies within the knowledge and data-driven framework have led to the development of
powerful theories for structure-property relationships. Based on these structure-property relationships,
material properties can be predicted from structures, and conversely, structures can be designed for target
material properties. Consequently, the bounds on some important mechanical properties have been deter-
mined, and numerous materials or structures with mechanical properties close to the theoretical bounds
have been designed and fabricated. Our work provides an overview of the recent progress in these explora-
tions of bounds on mechanical properties. First, we present the advances in knowledge and data-driven ap-
proaches for understanding and modeling structure-property relationships. Then, we review the deter-
mined bounds on mechanical properties and discovered materials or structures with extreme mechanical
performance based on the knowledge and data-driven approaches. Finally, we discuss the challenges, op-
portunities, and some future directions in this field.

Key words knowledge-driven, data-driven, structure-property relationship, bounds on mechanical

properties, extreme mechanics



