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Von Neumann Probes

The companion articles in this series have established a framework for competitive intergalactic colonization. Causality and First-Mover Advantage derived the 2d2d-year offensive gap and demonstrated that first-mover advantage is effectively irreversible. The Tactical and Strategic Assessment of the Local Galactic Neighborhood mapped the resource hierarchy of nearby galaxies and identified the competitive dynamics that emerge from asymmetric supermassive black hole endowments. The Roadmap to a Competitive Type III Civilization traced the engineering path from K≈0.73K \approx 0.73 to galactic-scale competitiveness, identifying self-replicating technology as the critical dependency at every Kardashev transition. The Physics of Intergalactic Force Projection tested the sterilization assumption against known physics and concluded that self-replicating probe swarms are the most viable mechanism for projecting force across intergalactic distances.

All four articles converge on the same technological prerequisite. The construction of a Dyson swarm requires self-replicating factories. Interstellar colonization requires self-replicating probes. Intergalactic force projection requires self-replicating weapons. The competitive framework rises or falls on whether self-replicating machines can be built.

This article examines the von Neumann probe concept from its theoretical foundations through its current technological status to the engineering challenges that remain.

The analysis in this article distinguishes between three separate questions: whether self-replicating machines are theoretically possible, whether they are technologically achievable with foreseeable technology, and what strategic implications follow if such systems are eventually deployed. These questions are related but logically independent. The first is settled. The second is an active engineering problem. The third depends on the second and connects to the competitive framework established in the companion articles.

The article proceeds historically, from John von Neumann’s original formalization of self-reproducing automata in 1948 through seven decades of theoretical development, and then turns to the current state of enabling technologies, the work that remains, and a defensible estimate for when the first prototype might be achievable.
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Theoretical Foundations


Von Neumann’s Self-Reproducing Automata

The theoretical foundation for self-replicating machines was laid by the mathematician John von Neumann in a series of lectures delivered at the University of Illinois in 1948 and 1949. Von Neumann posed what appeared to be a simple question. Can a machine build a copy of itself?

The question is deeper than it appears. A machine that merely stamps out copies of a fixed design is a factory, not a replicator. A true self-replicating machine must contain within itself the complete instructions for its own construction, must be able to interpret those instructions, must be able to gather raw materials, must be able to process those materials into functional components, and must be able to assemble those components into a working copy. The copy must then possess the same capabilities, including the ability to make further copies.

Von Neumann demonstrated that such a machine is theoretically possible. His proof was constructive. He described a universal constructor, a machine that can build any machine described by a sufficiently detailed set of instructions, including a copy of itself. The universal constructor consists of three components. A stored description of the machine to be built. A constructor mechanism that reads the description and builds the described machine. A copying mechanism that duplicates the description and inserts it into the newly built machine.

The parallel to biological reproduction is not coincidental. Von Neumann was aware that DNA had been identified as the carrier of genetic information by Oswald Avery in 1944, though the double helix structure would not be determined by Watson and Crick until 1953. Von Neumann’s universal constructor anticipated the discovery of the genetic code’s architecture. The stored description is analogous to DNA. The constructor mechanism is analogous to the ribosome. The copying mechanism is analogous to DNA polymerase. Biological life had solved the self-replication problem billions of years before von Neumann formalized it.

Prior to von Neumann’s formal treatment, the mathematician Lionel Penrose had explored mechanical self-reproducing systems using simple physical models in which wooden blocks with hooks and latches could assemble copies of themselves under random agitation. Penrose’s 1958 work demonstrated that self-reproduction could be achieved through purely mechanical means, complementing von Neumann’s more abstract logical approach.

Von Neumann initially explored self-reproduction through a kinematic model, in which a robotic constructor floats in a reservoir of parts and assembles copies from those parts. He later shifted to the more tractable cellular automaton framework, in which the machine and its environment are represented as cells on a grid, each cell following local transition rules. His colleague Arthur Burks at the University of Michigan completed and edited the work after von Neumann’s death in 1957. The posthumous publication, “Theory of Self-Reproducing Automata,” appeared in 1966 and remains the foundational text in the field.

Von Neumann established a critical result. A self-replicating machine must include both a universal constructor capable of building components and a mechanism for copying the description that specifies the machine itself. He demonstrated the logical sufficiency of this architecture rather than proving a precise minimum complexity bound. His construction showed that below a certain level of organizational complexity, machines can only produce less complex offspring, and the lineage degenerates. Above that level, machines can produce offspring of equal or greater complexity, and the lineage is stable or improves. The practical implication is that self-replication requires a system with sufficient complexity to close the loop between reading instructions, building components, and copying the instructions themselves.

Subsequent work extended von Neumann’s framework. Langton (1984) demonstrated self-reproduction in much simpler cellular automata, showing that the complexity threshold for self-replication is lower than von Neumann’s original construction might suggest. Sipper (1998) surveyed fifty years of self-replication research and classified the various approaches, from von Neumann’s original proof through artificial life simulations to physical self-replicating machines. Freitas and Merkle (2004) compiled the most comprehensive survey of kinematic self-replicating machines, cataloging designs from von Neumann’s original concept through physical demonstrations and proposed space applications.



From Theory to Space

The leap from von Neumann’s abstract automata theory to interstellar exploration occurred through several independent intellectual threads.

Bracewell probes. In 1960, the Australian-American physicist Ronald Bracewell proposed that an advanced civilization seeking to communicate with other civilizations might send autonomous probes to promising star systems rather than broadcasting electromagnetic signals. A Bracewell probe would travel to a target star, enter orbit, detect signs of technological civilization, and initiate contact. The advantage over radio broadcasts is that a probe can wait indefinitely for a civilization to arise, while a radio signal passes through and is gone. Bracewell’s concept did not include self-replication. His probes were individually manufactured and launched. But the concept established the idea of autonomous interstellar exploration vehicles.

Tipler’s argument. In 1975, Michael Hart published “An Explanation for the Absence of Extraterrestrials on Earth” in the Quarterly Journal of the Royal Astronomical Society, arguing that the absence of alien visitors implied the absence of alien civilizations. Hart’s paper framed the question that Tipler would sharpen. In 1980, the physicist Frank Tipler published a paper in the same journal titled “Extraterrestrial Intelligent Beings Do Not Exist.” Tipler’s argument was stark. If any technological civilization in the Milky Way’s history had developed von Neumann probes, those probes would have colonized the entire galaxy in a few million years. A few million years is a small fraction of the galaxy’s 13-billion-year history. Therefore, the absence of von Neumann probes in our solar system implies that no technological civilization has ever existed in the Milky Way other than humanity.

Tipler’s model assumed a single self-replicating probe, traveling at a modest fraction of the speed of light and replicating at each star system it reaches. Under these assumptions, his model produced colonization times of approximately 300 million years at 0.01c or as little as 4 million years at 0.1c. These estimates are model-dependent and vary significantly with assumptions about probe velocity, replication time, and mission architecture. The key insight is not the specific number but the exponential nature of self-replication, which means that the colonization wave accelerates as it proceeds. The first probe reaches one star system and produces ten copies. Those ten reach ten more systems each. Within a few hundred generations, every star system in the galaxy has been visited.

The Sagan response. Carl Sagan and William Newman responded to Tipler in 1983 with a paper titled “The Solipsist Approach to Extraterrestrial Intelligence,” published in the same journal. Sagan and Newman argued that Tipler’s calculation assumed unconstrained exponential growth, which no physical system sustains indefinitely. They proposed that advanced civilizations would impose controls on their replicators to prevent uncontrolled proliferation. A civilization capable of building von Neumann probes would also be capable of programming them to replicate only when needed, to limit their reproduction rate, and to avoid ecologically destructive behavior. Sagan and Newman also raised the possibility that probes might be present but undetected, either because they are designed to be inconspicuous or because we have not looked carefully enough.

Newman and Sagan had previously published a detailed mathematical treatment of interstellar diffusion in Icarus in 1981, applying population dynamics models to show that colonization timelines depend sensitively on assumptions about population growth rates and dispersal velocities. Their diffusion model produced much longer colonization timescales than Tipler’s exponential model, weakening the force of the absence argument.

The Sagan-Tipler debate remains unresolved. Both positions rest on assumptions about the behavior of civilizations that may or may not exist. Tipler assumes that at least one civilization in the galaxy’s history would have pursued unconstrained replication. Sagan assumes that all civilizations would exercise restraint. Neither assumption can be tested empirically.

Freitas and the REPRO concept. Robert Freitas provided the first quantitative engineering analysis of a self-replicating interstellar probe in a 1980 paper in the Journal of the British Interplanetary Society. The REPRO concept, short for Reproductive Probe, described a spacecraft with a total mass of approximately 443 metric tons. The probe would carry a “seed” factory weighing approximately 443 kilograms, the minimum package of machine tools, processors, and stored instructions necessary to bootstrap a full-scale manufacturing operation using resources found at the target star system.

Upon arrival at a target system, the REPRO probe would identify a suitable asteroid or moon, land, and begin mining and processing local materials. Over a period of approximately 500 years, the seed factory would grow into a full-scale industrial operation capable of manufacturing a complete copy of the original probe, including the seed factory, propulsion system, and all onboard systems. Ten copies could be constructed and launched over a 5,000-year period.

Freitas’s analysis was significant because it moved the concept from abstract theory to concrete engineering. He specified materials, identified required industrial processes, and estimated timelines. His 500-year replication cycle was a model-dependent estimate based on 1980 technology projections and conservative assumptions about material processing rates. Modern assessments suggest that with advanced additive manufacturing and artificial intelligence, replication cycles on the order of decades may be achievable, though these shorter estimates depend on optimistic assumptions about autonomous manufacturing and ISRU maturity.



The 1980 NASA Summer Study

In the same year that Freitas published the REPRO concept, NASA convened a summer study at the University of Santa Clara titled “Advanced Automation for Space Missions.” The study, edited by Robert Freitas and William Gilbreath, examined the feasibility of self-replicating systems for space applications. Chapter 5 of the resulting report presented a detailed design for a self-replicating lunar factory.

The proposed factory would land on the Moon as a 100-ton seed package. Using lunar regolith as raw material, it would manufacture solar cells, structural components, processing equipment, and eventually a complete copy of itself. The study estimated a replication time of approximately one year under optimistic assumptions. Each generation of factories would double the industrial capacity on the lunar surface. After 18 generations, approximately 18 years, the total factory mass would exceed 5 million tons.

The study identified the closure problem as the central engineering challenge. A self-replicating factory must be able to manufacture every component it contains from locally available materials. If even one component requires materials or processes not available locally, the factory cannot achieve complete self-replication. The study estimated that a 90 to 96 percent closure ratio was achievable with 1980 technology projections, meaning the factory could manufacture 90 to 96 percent of its own components. The remaining 4 to 10 percent would need to be supplied from Earth.

The distinction between 96 percent closure and 100 percent closure is not merely quantitative. At 96 percent closure, the factory requires a continuous supply chain from an external source. It can grow, but it cannot reproduce independently. At 100 percent closure, the factory is a true von Neumann replicator. It can be launched to a distant location and produce copies without any further support. The gap between 96 and 100 percent is the gap between a remote-controlled factory and an autonomous replicator.



Destructive Variants

Not all proposed applications of self-replicating probes are constructive.

The berserker concept. In 1963, the science fiction author Fred Saberhagen published “Without a Thought,” the first story in his Berserker series. The berserkers are self-replicating war machines, originally built by an alien civilization to destroy its enemies. The berserkers outlived their creators and continued executing their programming indefinitely, seeking and destroying all biological life wherever they found it.

Saberhagen’s fiction introduced a concept that was later formalized in the scientific literature. David Brin in his 1983 analysis “The Great Silence: The Controversy Concerning Extraterrestrial Intelligent Life” described the deadly probes hypothesis. Even if only one civilization in 10,000 is expansionist and xenophobic, its self-replicating probes could sterilize the galaxy. The probes arrive at each star system, use local resources to build copies and weapons, sterilize the system, and move on. From the perspective of the target civilization, the colonization wave is indistinguishable from a weapon.

The dark forest. The Chinese novelist Liu Cixin extended the berserker concept in his 2008 novel “The Dark Forest.” Liu proposed that the logic of self-replicating probes combined with the uncertainty of interstellar communication produces a universe in which all civilizations hide from each other. Any civilization that reveals its location risks attracting a sterilization probe. The rational strategy is silence. The universe is a dark forest in which every civilization is an armed hunter stalking through the trees, trying not to make a sound.

The companion causality article derived this conclusion independently from the 2d2d-year offensive gap. The dark forest is not a narrative conceit. It is a consequence of the competitive dynamics imposed by the speed of light. Von Neumann probes are the mechanism by which the dark forest enforces its logic.



Mathematical Framework

The exponential dynamics of self-replicating probes can be formalized.

Replication growth. Let N(t)N(t) denote the number of active probes at time tt. If each probe produces kk copies in a replication cycle of duration τ\tau, the probe population grows as

N(t)=N0⋅kt/τN(t) = N_0 \cdot k^{t/\tau}

where N0N_0 is the initial number of probes. The doubling time is

td=τ⋅ln2lnkt_d = \tau \cdot \frac{\ln 2}{\ln k}

For Freitas’s REPRO parameters of k=10k = 10 and τ=500\tau = 500 years, the doubling time is approximately 65 years. For an optimistic modern estimate of k=10k = 10 and τ=50\tau = 50 years, the doubling time is approximately 6.5 years.

Galaxy colonization time. The time to colonize a galaxy of radius RR with probes traveling at speed vv is bounded by the sum of the transit time and the replication time. The colonization wave expands at a speed determined by the interstellar hop distance dd, the transit time d/vd/v, and the replication time τ\tau. The effective colonization wave speed is

vwave=dd/v+τv_{\text{wave}} = \frac{d}{d/v + \tau}

The equation reveals a critical relationship. When replication time τ\tau becomes comparable to transit time d/vd/v, the expansion wave slows dramatically, making reductions in replication time as strategically important as increases in propulsion speed.

For d=5d = 5 light-years, a typical interstellar distance, v=0.1cv = 0.1c, and τ=50\tau = 50 years, the transit time is 50 years and the replication time is also 50 years. The effective wave speed is approximately 0.05c0.05c, half the probe’s cruise velocity. At this speed, the Milky Way, with a radius of approximately 50,000 light-years, is colonized in approximately one million years. If replication time could be reduced to 10 years while holding probe speed constant, the wave speed would increase to approximately 0.08c0.08c, reducing galaxy colonization time to approximately 600,000 years.

Several independent groups have modeled galaxy colonization under varying assumptions. Jones (1981) at Los Alamos used discrete calculations to estimate colonization times ranging from 5 million to 60 million years depending on probe speed and colonization strategy. Bjork (2007) simulated the galaxy colonization process using NN self-replicating probes in a three-dimensional model and found that 8 probes could explore the galaxy in approximately 4 million years at 0.1c0.1c. Cotta and Morales (2009) performed a computational analysis using Monte Carlo simulations and found that even conservative probe parameters lead to full galactic exploration within a few million years. Wiley (2011) introduced the concept of interstellar transportation bandwidth, arguing that the Fermi Paradox remains robust even under pessimistic assumptions about probe reliability, because the exponential nature of self-replication compensates for high failure rates.

Lotka-Volterra dynamics. When multiple civilizations deploy competing probe swarms, the interaction dynamics can be modeled using Lotka-Volterra equations. Muller (2022) demonstrated that self-replicating probe populations exhibit predator-prey dynamics when probes from different civilizations encounter each other. The competing populations oscillate in density until one reaches extinction or an equilibrium emerges. This analysis formalizes the competitive dynamics discussed in the companion causality and assessment articles.

Osmanov micro-probes. Osmanov (2023) proposed an alternative to macroscopic von Neumann probes. Micro self-reproducing probes, with masses on the order of grams, could be accelerated to higher fractions of the speed of light using laser propulsion. Their small size makes them cheaper to produce and easier to accelerate, but harder to detect. Osmanov analyzed the energetics and showed that a laser array powered by a fraction of a star’s output could launch millions of micro-probes per year. The resulting swarm would colonize the galaxy faster than macro-probes because the reduced mass allows higher transit speeds.

An important caveat applies to micro-probe concepts. Gram-scale probes may be well suited for exploration and data collection, but they face a fundamental tension with the closure problem. Self-replication requires mining, refining, and manufacturing capabilities that demand industrial-scale equipment. Extremely small probes may not be able to carry the minimum set of tools required for autonomous replication from raw materials. Micro-probes may therefore function as scouts rather than replicators, unless paired with a macro-scale seed factory at the destination.




Enabling Technologies: Work to Date

The gap between von Neumann’s theoretical proof and a functioning probe is an engineering gap. The theory says it is possible. The question is whether the required engineering capabilities exist or can be developed. This section surveys the current state of the enabling technologies.


Additive Manufacturing in Space

Additive manufacturing, commonly called 3D printing, is the most mature of the enabling technologies.

Terrestrial self-replication. The RepRap project, founded by Adrian Bowyer at the University of Bath in 2005, demonstrated partial self-replication in a consumer 3D printer. RepRap printers can print approximately 50 percent of their own structural components. Jones et al. (2011) published a detailed assessment of the RepRap project in Robotica, documenting the printer’s ability to produce its own structural parts, brackets, and gear assemblies. The remaining components, including motors, electronics, and the extruder mechanism, must be sourced externally. RepRap achieved the highest self-replication ratio of any manufactured system to date, though it remains far below the 100 percent closure required for a true von Neumann replicator.

In-space manufacturing. NASA and commercial partners have demonstrated additive manufacturing in orbit. Made In Space, now Redwire Space, installed the first 3D printer on the International Space Station in 2014 and printed functional tools in microgravity. The Additive Manufacturing Facility, or AMF, has been operational on the ISS since 2016, producing parts for crew use and commercial customers.

Relativity Space developed the Terran 1 rocket, the first largely 3D-printed launch vehicle, which flew in March 2023. While not a space-based manufacturing demonstration, it proved that additive manufacturing can produce flight-quality structural components at scale.

Challenges. Current in-space printers work with a limited set of materials, primarily thermoplastics and some metals. A self-replicating system requires the ability to manufacture electronics, optics, sensors, and actuators, none of which can currently be 3D printed to flight-quality standards. The material palette must expand dramatically before additive manufacturing can contribute to closure.



In-Situ Resource Utilization

In-Situ Resource Utilization, or ISRU, is the practice of using local materials rather than importing everything from Earth. ISRU is the raw material supply chain for any self-replicating system beyond Earth.

MOXIE. NASA’s Mars Oxygen In-Situ Resource Utilization Experiment, known as MOXIE, on the Perseverance rover demonstrated oxygen extraction from the Martian atmosphere. Over 16 runs between April 2021 and August 2023, MOXIE produced a total of approximately 122 grams of oxygen by solid oxide electrolysis of carbon dioxide. The peak production rate was 12 grams per hour, roughly twice the mission’s goal. MOXIE demonstrated that atmospheric processing on another planet is technically feasible.

Lunar regolith processing. Multiple research programs are investigating the extraction of useful materials from lunar regolith. NASA’s Fission Surface Power project is developing a 40-kilowatt nuclear reactor for lunar surface operations, based on the Kilopower concept demonstrated in the 2018 KRUSTY (Kilopower Reactor Using Stirling Technology) test. Surface nuclear power is a prerequisite for energy-intensive ISRU operations that cannot rely on solar power alone.

Regolith sintering, in which lunar soil is heated until it fuses into a solid material, has been demonstrated in terrestrial laboratories. The European Space Agency has funded research into 3D printing structural components from simulated lunar regolith. The resulting structures are mechanically weaker than engineered materials but potentially adequate for radiation shielding, landing pads, and habitat walls.

Asteroid resources. Asteroid mining has attracted both research funding and private investment. OSIRIS-REx successfully collected 121.6 grams of material from asteroid Bennu in 2020 and returned the sample to Earth in September 2023. JAXA’s Hayabusa2 returned 5.4 grams from asteroid Ryugu in 2020. Both missions demonstrated autonomous approach, sampling, and departure at small body targets.

Commercial ventures including AstroForge and TransAstra are developing asteroid mining technologies. AstroForge launched a test refining payload in 2023. TransAstra is developing optical mining technology that uses concentrated sunlight to extract volatiles from asteroidal material.

Gap assessment. Current ISRU demonstrations are proof-of-concept experiments producing grams of material. A self-replicating factory must process thousands of metric tons per replication cycle. The gap between grams and kilotons is approximately nine orders of magnitude.



Autonomous Systems and Artificial Intelligence

A self-replicating probe must operate autonomously for centuries or millennia without human intervention. Current autonomous systems are advancing rapidly but remain far below the required capability.

Autonomous navigation. NASA’s Perseverance rover completed the first AI-planned drive on Mars in 2023, using onboard algorithms to select routes autonomously without waiting for instructions from Earth. The OSIRIS-REx spacecraft used autonomous Natural Feature Tracking to navigate to within 1 meter of its target collection site on Bennu.

Onboard AI processing. The CogniSAT-6 CubeSat, developed by Ubotica and launched in 2024, demonstrated autonomous Earth observation using onboard AI processors. The satellite classified images and made observation decisions without ground intervention. This represents a shift from ground-controlled spacecraft to autonomous agents.

Self-replicating assembler robots. At MIT, Neil Gershenfeld’s Center for Bits and Atoms has demonstrated flocks of small robots that can assemble structures larger than themselves. The BILL-E robots walk along lattice structures, picking up and placing components to build predefined shapes. The robots themselves are assembled from the same type of components they place. This is a step toward, but not yet, self-replication. The robots assemble structures from pre-manufactured components. They do not manufacture the components themselves.

Gap assessment. Current autonomous systems can navigate, classify observations, and assemble structures from pre-manufactured parts. A von Neumann probe must additionally identify ore deposits, mine raw materials, refine those materials into pure elements, manufacture components from those elements, assemble components into functional subsystems, integrate subsystems into a complete probe, test the completed probe, and launch it. This sequence of capabilities requires a level of autonomous industrial competence that does not yet exist.



Propulsion

A von Neumann probe must reach other star systems. The nearest stars are approximately 4 to 10 light-years from Earth. Current propulsion technology is inadequate for interstellar transit in human-relevant timescales.

Chemical propulsion. The fastest human-built objects are the Voyager spacecraft, traveling at approximately 17 km/s or 0.006 percent of the speed of light. At this speed, reaching the nearest star would require approximately 75,000 years.

Nuclear propulsion. Project Daedalus, a 1970s British Interplanetary Society study, proposed a nuclear pulse propulsion system using deuterium-helium-3 fusion that could achieve 12 percent of the speed of light. The Daedalus design required 50,000 tons of fuel for a one-way trip to Barnard’s Star. No fusion propulsion system has been built or tested.

Laser sail propulsion. The Breakthrough Starshot initiative, announced in 2016 with $100 million in initial funding from Yuri Milner, proposed using a ground-based laser array to accelerate gram-scale probes to 20 percent of the speed of light. At that speed, the probes could reach Alpha Centauri in approximately 20 years.

However, Breakthrough Starshot has not progressed beyond preliminary research. As of 2025, the project has spent approximately $4.5 million of its pledged funding. No prototype laser array has been built. The technical challenges remain substantial. The laser array would require approximately 100 gigawatts of coherent optical power. The sail must survive an acceleration of thousands of g during a minutes-long illumination. The probe must function after reaching its destination with no deceleration mechanism. Breakthrough Starshot is not a von Neumann probe program. It is a flyby mission concept with no replication capability. But it represents the most funded effort toward interstellar propulsion technology. Lubin (2016) published a detailed roadmap for directed-energy propulsion to interstellar velocities, analyzing the scaling of laser arrays from kilowatt-class systems testable in the near term to the 100-gigawatt array required for interstellar missions. Parkin (2018) developed a comprehensive system model for Breakthrough Starshot, computing cost-optimal designs for missions at 0.2c0.2c to Alpha Centauri as well as a 0.01c0.01c solar system precursor mission.

Gap assessment. No existing propulsion technology can deliver a payload of the mass required for self-replication to another star system in less than centuries.

A simple kinetic energy calculation illustrates the scale of the challenge. The kinetic energy required to accelerate a probe of mass mm to velocity vv is

E=12mv2E = \frac{1}{2}mv^2

For a modest seed factory of 1,000 kilograms accelerated to 0.01c0.01c, or 3,000 km/s, the kinetic energy is approximately 4.5×10154.5 \times 10^{15} joules, roughly equivalent to a one-megaton nuclear weapon. For the same mass at 0.1c0.1c, or 30,000 km/s, the kinetic energy rises to 4.5×10174.5 \times 10^{17} joules, approximately 100 megatons, or roughly twice the yield of the Tsar Bomba. For Freitas’s REPRO probe at 443 metric tons and 0.1c0.1c, the kinetic energy reaches 2×10202 \times 10^{20} joules, comparable to global electricity production for several days. These figures do not account for propellant mass, which for reaction-based systems would multiply the total energy budget by a factor determined by the mass ratio.

Even the most optimistic seed factory mass estimates are on the order of hundreds of kilograms. Accelerating hundreds of kilograms to a significant fraction of the speed of light and decelerating at the target compounds the energy requirement, because deceleration at the destination demands a second expenditure of comparable magnitude unless the probe can exploit local resources or environmental effects for braking.




Work in Progress

Several active research programs are contributing to the technologies required for von Neumann probes, though none are explicitly targeting self-replication.


Ellery’s Self-Replicating Systems Research

Alex Ellery at Carleton University in Ottawa has pursued the most direct experimental program aimed at self-replicating space systems. Ellery has demonstrated the 3D printing of an electric motor using only materials that could plausibly be sourced from extraterrestrial regolith. The motor was printed from iron and copper extracted from simulated lunar basalt. This is significant because electric motors are among the components that current self-replication studies identify as closure bottlenecks. Printing a motor from locally sourced materials closes one gap in the self-replication chain.

In 2025, Ellery published “Technosignatures of Self-Replicating Probes in the Solar System,” which argued that if self-replicating probes from other civilizations exist in the solar system, they would most likely be found in the asteroid belt or on the lunar surface, where raw materials for replication are accessible. The paper proposed specific observational strategies for detecting technosignatures of probes, including anomalous mineral depletion patterns and organized surface features on small bodies.



The Initiative for Interstellar Studies

The Initiative for Interstellar Studies, or i4is, a nonprofit research organization based in the United Kingdom, has conducted the most detailed near-term design study for a self-replicating probe. Borgue and Hein (2020) published “Near-Term Self-replicating Probes: A Concept Design” on arXiv and subsequently in Acta Astronautica. Their design targets approximately 70 percent self-replication closure using technologies projected to mature within 20 to 30 years. The remaining 30 percent would be supplied from Earth for the initial probes. The study identified electronics manufacturing and precision optics as the hardest components to produce from in-situ materials.



The Cambridge Special Issue

The International Journal of Astrobiology at Cambridge University Press has published a series of papers specifically addressing von Neumann probes. Eckersley (2022) published “Self-replicating probes are imminent: implications for SETI,” which argued that the convergence of additive manufacturing, artificial intelligence, and ISRU technology means that self-replicating probes are achievable within the next 50 to 100 years. Eckersley’s argument is that no individual technology is a fundamental blocker. The challenges are engineering, not physics.

In the same journal, Osmanov (2023) published analyses of micro self-reproducing probes and Dyson swarms of von Neumann probes. Muller (2022) published the Lotka-Volterra analysis of competing probe populations in the European Physical Journal Plus. These publications represent a growing body of academic work treating self-replicating probes as a serious engineering problem rather than purely speculative fiction.



Hierarchical Assembly

Langford (2017) at MIT published “Hierarchical Assembly of a Self-Replicating Spacecraft” at the IEEE Aerospace Conference. The concept decomposes the self-replication problem into a hierarchy of assembly levels. Simple components are assembled into modules. Modules are assembled into subsystems. Subsystems are assembled into a complete spacecraft. Each level of the hierarchy requires less precision than direct manufacture of the final product. Hierarchical assembly reduces the closure problem by allowing each level to use specialized but simpler tools.



NASA Fission Surface Power

NASA’s Fission Surface Power project is developing a 40-kilowatt nuclear fission reactor for deployment on the lunar surface, with a target initial operational capability in the late 2020s. The project builds on the successful 2018 demonstration of the Kilopower reactor, which generated sustained nuclear fission power in a ground test. Surface nuclear power is not self-replication, but it is a prerequisite. Energy-intensive material processing, the kind required for ISRU and self-replication, cannot be sustained by solar power alone in the outer solar system or on the lunar surface during the 14-day lunar night.




Technological Blocks

The following engineering challenges must be resolved before a von Neumann probe is achievable. They are listed in approximate order of difficulty.


The Closure Problem

The closure problem is the fundamental challenge. A self-replicating system must manufacture 100 percent of its components from locally available materials. Current estimates place achievable closure at 70 to 96 percent. The remaining components, primarily electronics, precision optics, and certain specialty materials, cannot yet be manufactured from raw regolith or asteroidal material.

The specific closure gaps include the following.

Semiconductor fabrication. Modern integrated circuits require silicon of 99.9999999 percent purity, also known as nine nines, photolithography equipment with nanometer resolution, and clean room environments. No pathway exists for manufacturing modern processors from raw ore in an autonomous extraterrestrial facility. This is the single hardest closure gap.

Precision optics. Sensors, communication lasers, and navigation systems require precision optical components. Grinding lenses and polishing mirrors to the required tolerances from raw materials is a capability that has not been demonstrated outside of specialized terrestrial factories.

Semiconductor dopants. Modern integrated circuits require precisely controlled concentrations of dopant elements such as boron, phosphorus, arsenic, and gallium. These elements must be available at the target location in usable concentrations, and the doping process requires parts-per-million precision. Fabricating doped semiconductors from raw asteroidal or planetary material is a capability that has not been demonstrated at any scale.

Ultra-pure material production. Beyond the purity requirements for semiconductor-grade silicon, many probe components require materials processed to extreme purity levels. Optical fibers require silica of 99.9999 percent purity. Superconducting wires require high-purity niobium-titanium or rare earth compounds. Producing ultra-pure materials from unprocessed geological feedstock in an autonomous facility represents a significant and largely unaddressed closure gap.

Precision optics fabrication. Sensors, communication lasers, and navigation systems require precision optical components. Grinding lenses and polishing mirrors to the required tolerances from raw materials is a capability that has not been demonstrated outside of specialized terrestrial factories. Optical surface tolerances on the order of fractions of a wavelength of light require feedback-controlled polishing and metrology equipment that itself requires precision optics to manufacture. This creates a bootstrapping problem within the closure chain.

Specialty materials. Some probe components may require materials that are not available in the local environment. Rare earth elements, specific isotopes for power generation, and radiation shielding materials may not be present in sufficient concentrations in all target environments.



Autonomous Industrial Competence

A von Neumann probe must perform the entire industrial chain from raw geological input to finished manufactured components without sustained human supervision. This chain includes prospecting, mining, ore processing, refining, materials science such as alloy selection and heat treatment, component manufacturing, quality control, subsystem assembly, integration testing, and final assembly. No existing autonomous system performs this entire chain from unprocessed geological material to functional manufactured output. Individual steps have been demonstrated in isolation. Autonomous navigation and sample collection have been achieved. Additive manufacturing of structural components has been demonstrated. But no system integrates even a majority of these steps into a continuous autonomous process that begins with raw ore and ends with a tested, functional component.



Radiation Hardening

Interstellar space exposes electronics to galactic cosmic rays, energetic particles that degrade semiconductor devices over time. Typical total ionizing dose, or TID, limits for commercial electronics range from 5 to 20 krad(Si). Radiation-hardened components are rated for 100 krad(Si) to 1 Mrad(Si). In interstellar space, the galactic cosmic ray dose rate is approximately 10 to 20 rad(Si) per year behind modest shielding. Over a 1,000-year transit, the accumulated dose would reach 10,000 to 20,000 rad, or 10 to 20 krad(Si), sufficient to degrade or destroy unshielded commercial electronics. A probe in transit for centuries or millennia must either shield its electronics, which requires significant mass, use radiation-hardened components, which are less capable than commercial electronics, or repair and replace its own electronics in flight. The last option is the von Neumann solution. A probe that can manufacture replacement electronics from carried or collected materials is effectively immune to radiation degradation. But this requires solving the semiconductor fabrication closure gap identified above.



Power Generation

In the inner solar system, solar power is viable. At Jupiter’s distance of 5.2 AU, solar flux is approximately 4 percent of the Earth-orbit value. Beyond Jupiter, solar power becomes increasingly mass-inefficient. At Saturn’s distance of 9.5 AU, solar flux is approximately 1 percent of the Earth-orbit value, and at Neptune at 30 AU, it falls below 0.1 percent. The Juno spacecraft demonstrated that solar power at Jupiter’s distance is technically possible with sufficiently large arrays, but the mass penalty for solar panels scales with the square of the distance, making solar power impractical for industrial operations in the outer solar system. Interstellar probes require nuclear power.

Radioisotope thermoelectric generators, or RTGs, have powered spacecraft beyond Jupiter for decades. Voyager 1’s RTGs are still operating after nearly 50 years. But RTGs produce hundreds of watts, not the kilowatts required for industrial-scale material processing. Fission reactors can produce kilowatts to megawatts. The challenge is autonomous operation over centuries without maintenance, or alternatively, the ability to manufacture replacement fuel assemblies from local materials, which requires mining and refining fissile isotopes.

Other conceptual approaches exist in the design space. Fusion reactors, if compact and reliable designs become achievable, would offer higher energy density and potentially more abundant fuel (deuterium is present in water and ice found throughout the solar system). Beamed power, in which a laser or microwave array at a preceding installation transmits energy to a receiver at the probe’s operating site, could eliminate the need for an onboard reactor during the replication phase, though it requires a pre-existing infrastructure at the target system. Neither fusion nor beamed power has been demonstrated at the required scale, but both represent viable alternatives to fission in the long-term design space.



Communication

A von Neumann probe swarm operating across a galaxy faces communication latency measured in years to hundreds of thousands of years. Real-time coordination is impossible. Each probe must operate as a fully autonomous agent.

This constraint has implications for the probe’s decision-making architecture. The probe cannot call home for instructions. It must be able to evaluate target systems, select mining sites, manage replication schedules, navigate to new systems, and respond to unexpected situations, all without external guidance.

NASA’s Deep Space Optical Communications demonstration, known as DSOC, on the Psyche spacecraft achieved optical laser communication at 226 million kilometers in November 2023. DSOC represents a significant advance over radio-frequency deep space communication, but the distances involved in interstellar communication are six orders of magnitude larger. Communication relay networks, established by probe swarms as they expand, may be the most viable approach to maintaining some degree of connectivity across interstellar distances.



Propulsion for Deceleration

A probe that arrives at a target star system at high speed must decelerate before it can enter orbit and begin mining operations. Laser sails can be accelerated from the origin system but cannot decelerate at the target without a laser array at the destination. This is the laser sail deceleration problem discussed in the companion roadmap article.

Possible solutions include magnetic sails (using the interstellar medium for drag), fusion deceleration burns using fuel manufactured by a preceding probe at the target system, or gravitational braking around stellar or planetary bodies. None of these solutions have been demonstrated.



Summary of Primary Engineering Bottlenecks

The technological blocks identified above can be summarized as five primary engineering bottlenecks that must be addressed before a von Neumann probe is achievable.


	Semiconductor manufacturing closure. Fabricating integrated circuits from raw silicon-bearing ore in an autonomous extraterrestrial facility. This is the hardest closure gap and the longest lead-time item.


	Precision optics fabrication. Grinding, polishing, and coating optical components to sub-wavelength tolerances from raw mineral feedstock without terrestrial factory infrastructure.


	Autonomous mining and materials processing. Prospecting, extracting, refining, and alloying metals from uncharacterized geological material at industrial scale without human supervision.


	Long-duration nuclear power systems. Fission or fusion reactors capable of autonomous operation over centuries, or alternatively, the ability to manufacture replacement fuel and components from local materials.


	Interstellar deceleration technologies. Propulsion or braking systems capable of decelerating a seed factory mass payload at a target star system without pre-existing infrastructure.




These bottlenecks are not independent. Progress on autonomous manufacturing directly enables semiconductor closure. Nuclear power development enables energy-intensive ISRU operations. The bottlenecks form an interconnected web rather than a linear sequence.




ETA for First Prototype

Estimating a timeline for a technology that depends on multiple convergent breakthroughs is inherently uncertain. The following analysis identifies the critical path and applies range estimates to each dependency.


Critical Path Analysis

The dependencies are not independent. They form a critical path with the following structure.


	ISRU maturity, 2030s to 2040s. Lunar and asteroidal material processing at industrial scale. NASA’s Artemis program, commercial lunar landers, and asteroid mining ventures are driving this timeline.


	Autonomous industrial competence, 2040s to 2060s. AI-driven manufacturing from raw materials without human intervention. Depends on advances in both AI and robotic manipulation.


	Partial closure demonstration, 2050s to 2070s. A factory on the Moon or an asteroid that manufactures 70 to 90 percent of its own components from local materials. This is the milestone that Borgue and Hein’s concept design targets.


	Full closure, 2070s to 2120s. Closing the remaining gaps, primarily semiconductor fabrication and precision optics from raw materials. This is the hardest step and the most uncertain.


	Interstellar propulsion, 2060s to 2100s. A propulsion system capable of delivering a seed factory mass ranging from hundreds of kilograms to hundreds of tons to a nearby star system within centuries.


	Integration and testing, 2080s to 2130s. Combining all subsystems into a complete self-replicating probe and testing it in a representative environment.






Range Estimate

Based on the critical path analysis and the current rate of technology development, the first prototype von Neumann probe, defined as a system capable of producing a functionally equivalent copy of itself from raw extraterrestrial materials with minimal imported components, is estimated to be achievable in the range of 2060 to 2130.

The lower bound assumes rapid convergence of additive manufacturing, AI, and ISRU technologies, aggressive investment in space industrialization, and a partial-closure design that accepts external supply for the hardest components. This lower bound is consistent with Eckersley’s (2022) assessment that self-replicating probes are achievable within 50 to 100 years.

The upper bound assumes slower-than-expected progress on semiconductor fabrication closure, limited investment in interstellar propulsion, and the full-closure design required for true autonomous operation.

An important distinction must be made between a self-replicating system that operates in the inner solar system (where solar power is abundant and communication latency is minutes to hours) and a true interstellar probe (where power must be nuclear, communication is impossible, and the system must operate for centuries). The inner-solar-system version is closer. The interstellar version adds decades of additional development.

The dominant sources of uncertainty in this estimate are semiconductor fabrication closure and precision optics production. These represent the most complex industrial processes currently required for full autonomy. Semiconductor fabrication involves hundreds of process steps, each requiring precise environmental control, ultra-pure chemicals, and nanometer-scale equipment. Precision optics production requires feedback-controlled polishing to sub-wavelength tolerances. Both capabilities are far from demonstration in any autonomous or extraterrestrial context. Progress on these two fronts will determine whether the realized timeline falls near the lower or upper bound of the estimated range.

The range estimate does not account for potential discontinuous advances. A breakthrough in molecular nanotechnology, room-temperature superconductivity, or artificial general intelligence could compress the timeline dramatically. Conversely, civilizational disruptions such as major wars, pandemics, or economic collapse could extend it.




Implications for the Competitive Framework

The companion articles established that the competitive dynamics of intergalactic colonization reward the first mover and penalize delay. The von Neumann probe is the technology that converts theoretical first-mover advantage into physical capability. A civilization that builds von Neumann probes first can colonize its galaxy first, establish resource claims, and project force to neighboring galaxies.


The Race Condition

The estimated development timeline of 2060 to 2130 for a first prototype is on the order of decades to a century. The estimated colonization time for the Milky Way is on the order of one to four million years. The transit time to Andromeda is on the order of 25 million years. The Milky Way-Andromeda merger window is 5 to 10 billion years.

These timescales reveal a race condition. The development time is negligible compared to the deployment time. A civilization that delays von Neumann probe development by 100 years loses 100 years on a timeline that spans millions. This is the operational conclusion. The competitive pressure identified in the companion articles translates directly into urgency for von Neumann probe development.



Near-Term Actionable Objectives

The following objectives are within the capability of current or near-term technology and directly contribute to von Neumann probe development.


	Demonstrate autonomous regolith-to-component manufacturing on the Moon. A landed mission that mines lunar regolith, refines it into metal, and 3D prints a functional component without human intervention would be the first end-to-end demonstration of the ISRU-to-manufacturing chain. Target: 2030s.


	Achieve 50 percent closure in a terrestrial analog. Build a factory in a simulated extraterrestrial environment that manufactures 50 percent of its own components from raw geological input. This is an intermediate milestone toward the 70 percent target of Borgue and Hein. Target: 2035 to 2040.


	Develop autonomous prospecting and mining systems. Deploy AI-driven rovers that can identify, evaluate, and extract mineral resources without human guidance. Build on Perseverance’s autonomous navigation by adding autonomous geological assessment and sample processing. Target: 2030s.


	Fund semiconductor fabrication from raw materials. Initiate a research program specifically targeting the ability to produce simple integrated circuits from raw silicon-bearing ore in an autonomous, closed-loop process. This is the hardest closure gap and the longest lead-time item on the critical path. Target: 2040s for proof-of-concept.


	Develop and test nuclear fission power systems for surface operations. Complete the NASA Fission Surface Power program and deploy a nuclear reactor on the lunar surface. Extend the concept to higher power levels in the 100 kilowatt to megawatt class for industrial applications. Target: late 2020s for initial deployment.


	Establish an interstellar propulsion research program. Move beyond Breakthrough Starshot’s current hiatus. Fund a dedicated program to develop and test propulsion concepts capable of delivering useful payloads to nearby star systems within centuries. Target: program initiation in the 2030s, prototype testing by 2060s.






The Implicit Call

The analysis in this article and the companion articles is presented as a defensible assessment of the competitive dynamics imposed by physics. The speed of light creates the 2d2d-year offensive gap. The SMBH mass hierarchy creates resource asymmetry. Self-replicating probes are the mechanism that converts these constraints into outcomes.

The assessment does not depend on whether other civilizations exist. If they do, the competitive framework applies directly. If they do not, the development of von Neumann probe technology still enables the colonization of the galaxy, the construction of Dyson swarms, and the long-term survival of the species against astronomical threats that will arrive regardless of whether anyone is competing.

The engineering challenges are substantial but not fundamental. No known law of physics prevents the construction of self-replicating machines. Von Neumann demonstrated their theoretical possibility in 1948. Biology demonstrates that self-replication at planetary scale is physically achievable, though implementing similar capabilities in engineered systems presents very different challenges. Biological replicators evolved over billions of years through selection from an astronomically large space of possible configurations. Engineered replicators must be designed intentionally, which is both an advantage (directed engineering is faster than undirected evolution) and a constraint (every subsystem must be explicitly specified and validated). The remaining challenge is engineering. Engineering challenges have timelines.




Future Reading

The following sources extend the topics discussed in this article and may be useful for readers seeking deeper engagement with the subject.


	Are Self-Replicating Machines Feasible? (JBIS), Ellery, 2017

	Artificial Intelligence for Interstellar Travel (JBIS), Hein and Baxter, 2019

	Deep Space Probes: To the Outer Solar System and Beyond, Matloff, 2005

	Galactic Exploration by Directed Self-Replicating Probes (Int J Astrobiol), Nicholson and Forgan, 2013

	Interstellar Travel and Multi-Generational Space Ships, Kondo et al., 2003

	Kinematic Self-Replicating Machines, Freitas and Merkle, 2004

	Nanosystems: Molecular Machinery, Manufacturing, and Computation, Drexler, 1992

	Self-Replicating Lunar Factory Design (Artificial Life), Ellery, 2020

	Starwisp: An Ultra-Light Interstellar Probe (JBIS), Forward, 1985

	The Case for Interstellar Probes (JBIS), Freitas, 1983

	The Colonization of Space (Physics Today), O’Neill, 1974

	The Physics of Interstellar Travel (Springer), Kaku, 2008

	The Starflight Handbook, Mallove and Matloff, 1989
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