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Abstract 34 

Microelectromechanical systems (MEMS) research requires translating device concepts 35 

into geometries with physically meaningful behavior under specified structural constraints. 36 

Although research agents increasingly automate scientific workflows, successful numerical 37 

execution alone does not establish operating-mode identity and dynamic behavior, identify 38 

loss mechanisms, or verify geometric compliance. Here we introduce the MEMS Research 39 

Agent Framework, which brings agent-based research and experience-informed procedure 40 

refinement into an expert-guided MEMS workflow. Agents execute investigations using 41 

reusable instructions and scripts, while experts define objectives, assess physical 42 

interpretations, and review methodological changes. In a researcher-guided study of a silicon 43 

double-ended tuning-fork resonator, the proposed framework carries a literature-derived 44 

thermoelastic-dissipation hypothesis through geometry construction, coupled-field 45 

simulation, and operating-mode identification. The selected segmented-slot design achieves a 46 

modeled thermoelastic quality factor approximately 5.2 times the baseline at a resonant 47 

frequency 20% lower. The slotting mechanism is consistent with a published experimental 48 

study reporting a 5.9-fold increase in measured quality factor in a different geometry. 49 

Development histories trace a procedural route toward self-improvement: recorded failures 50 

inform expert-reviewed changes to research instructions and diagnostic checks reused in 51 

subsequent runs. A registered comparison across 25 runs evaluates research outcomes and 52 

evidence completeness under five frozen configurations. The final author assessment gives 53 

1/5 successful runs without the proposed framework and 5/5 with it; the initial model-judge 54 

assessment gives 1/5 and 2/5, respectively, reflecting differences in evidence acceptance. 55 

These studies demonstrate the feasibility of delegating parts of MEMS inverse-design 56 

iterations to agents, laying a foundation for self-improving research automation in device 57 

design and discovery. 58 
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Introduction 59 

Autonomous research agents are now capable of generating hypotheses, executing 60 

experiments, and composing manuscripts within closed computational loops. The AI Scientist 61 

exemplifies such coordination in a bounded machine-learning setting1, while other 62 

frameworks extend this capacity to dataset-driven inquiry, with increasing degrees of human 63 

copiloting as complexity rises2. These circumscribed cycles exemplify a regime of full 64 

delegation, in which agents execute complete research cycles without sustained human 65 

intervention; on levels adapted from the laboratory-autonomy scale proposed for materials 66 

research3, we assign this to level 4 (L4) (Supplementary Table S1). Closed research loops 67 

have likewise been reported in mathematics4, chemistry5, and biomedicine6, each operating 68 

within a supplied problem, evaluator, or laboratory environment. In the MEMS domain, 69 

however, comparable agent-based research remains comparatively scarce, insofar as the 70 

computational output must be validated against the intended device behavior, which is a 71 

judgment that cannot be delegated to the agent alone. 72 

Within MEMS, both the physical model and the evaluative criteria are contingent upon a 73 

device's operating principle and intended function. For resonators, this validation gap is 74 

particularly acute: the quality factor is constrained by competing dissipation mechanisms, 75 

including thermoelastic dissipation (TED), anchor loss, surface effects, and fluidic damping, 76 

whose relative contributions depend on geometry, material, and environment7. TED 77 

originates from thermal gradients induced by inhomogeneous strain during vibration8–10 and 78 

is highly sensitive to structural dimensions and modal shape; consequently, a geometry that 79 

reduces TED may inadvertently shift modal order, amplify anchor loss, or violate fabrication 80 

constraints. A converged simulation therefore does not, in itself, constitute validated 81 

behavior: the governing equations may omit dominant physics, boundary conditions may 82 

idealize as-fabricated reality, and the mesh may fail to resolve the thermal gradients that drive 83 
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TED. Studies of mechanical resonators have demonstrated learned structural prediction and 84 

search11,12, data-efficient optimization13, and workflows that compare predicted performance 85 

with measurements obtained from fabricated devices14. A research investigation must 86 

therefore employ such capabilities not merely to establish numerical superiority but to test a 87 

physical hypothesis and evaluate whether the computed output corresponds to the intended 88 

physical behavior under the relevant operating conditions. These difficulties concern not only 89 

which device to design, but also how a research agent decides what to simulate, what 90 

evidence to inspect, and whether a result supports a physical interpretation. Experience can 91 

therefore inform revisions to the research procedures themselves, including the diagnostic 92 

checks used to assess subsequent results. This raises the possibility of MEMS research agents 93 

that accumulate explicit methodological experience through repeated investigations. 94 

We use a silicon double-ended tuning-fork (DETF) resonator to demonstrate the MEMS 95 

Research Agent Framework (MRAF) within a concrete MEMS design problem. As reported 96 

in the literature15, slotting the mechanical structure of the resonator can effectively regulate 97 

the TED-associated Q-factor while preserving the device size factor and baseline features. 98 

Under prescribed footprint and structural constraints, the agent must translate this mechanism 99 

into candidate geometries, perform coupled-field simulations, and determine whether the 100 

calculated improvements belong to the intended operating mode. This case therefore allows 101 

us to examine how a proposed research agent framework carries established physical 102 

knowledge through a design investigation and how difficulties encountered during research 103 

inform revisions to its procedures. In summary, three distinctive attributes of the proposed 104 

MRAF are emphasized: (i) a closed-loop autonomous research methodology that remains 105 

grounded in practice; (ii) an experience-informed procedure-refinement process in which 106 

agents draft reusable instructions and scripts for expert review, providing an initial 107 
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implementation of a virtual research apprentice; and (iii) relatively restrained proposal 108 

generation that supports real-world implementation. 109 

Research experience may alter agent procedures, as several existing frameworks have 110 

shown. ChemAgent maintains and updates experiential knowledge for chemical reasoning16, 111 

whereas SkillPCF couples reusable design skills with simulator-guided revision of its skill 112 

bank17. AIDE² renders the code of research agents itself an object of revision, such that 113 

evaluated rewrites determine the implementation edited in subsequent rounds18. These 114 

frameworks motivate a distinction between improving candidate designs and refining the 115 

research procedures used to formulate hypotheses, execute simulations, inspect evidence, and 116 

qualify conclusions. We investigate this second process in MEMS as experience-informed 117 

procedure refinement: agents draft methodological revisions, experts review their adoption, 118 

and subsequent tasks or repeated runs reuse the retained procedures. 119 

The MRAF starts with a researcher-defined objective and physical constraints (Fig. 1a). 120 

Here, a mission denotes the overarching research objective, instantiated in this study by 121 

improving the operating-mode thermoelastic quality factor of a silicon DETF resonator under 122 

specified structural constraints. A task is a bounded assignment within that mission, with 123 

defined objectives and completion conditions; a run is one agent execution of a task. Multiple 124 

tasks and repeated runs may therefore belong to the same mission. A central agent 125 

coordinates six stages—hypothesis formulation, literature search, device geometry, MEMS 126 

simulation, result analysis, and agent update—and invokes external tools. Simulation and 127 

result analysis iterate within a task until completion criteria are met or the researcher stops 128 

the task. The procedures require candidates and their expected and refuting results to be 129 

recorded before solving, operating modes to be identified from saved displacement fields, and 130 

decisions to be accompanied by reasons. Researchers supply physical guidance, interpret 131 

results, and determine which modifications to research procedures should be retained. We 132 
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designate this division of responsibility as L3.5, an author-defined operational category in 133 

which agents execute the research cycle and researchers approve procedure revisions between 134 

runs (Supplementary Table S1). Fig. 1b places L3.5 among published research systems; these 135 

levels describe task scope. 136 

Between tasks, difficulties and reviewed outcomes inform revisions that require human 137 

approval before use in later steps (Fig. 1c). “Agent Update” refers to expert-reviewed 138 

changes to reusable instructions, scripts, and diagnostic requirements; language-model 139 

weights remain fixed throughout. These internal methodological revisions are distinct from 140 

the external outcome criteria used to assess the frozen configurations. Methods are intended 141 

to remain fixed within a task; historical amendments are documented in Methods and 142 

Supplementary Note S1. Figs. 2 and 3 document the earlier development of the MRAF, using 143 

earlier procedures, and only the registered experiment (Fig. 4) tests its effect. Supplementary 144 

Fig. S1 details the research roles, tools, and outputs. 145 
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 146 

Fig. 1. Research organization and method revision under expert review. (a) Stages 1–5 show the 147 

recorded sequence of registered Run 20261023-012 (n = 1), in which the inner loop assesses 148 

candidates within the task, and stage 6 illustrates expert-reviewed revision of reusable procedures 149 

between tasks. (b) Published research systems1,2,5,11–14,16–18,23,31,32,37–44 by year and author-assigned task 150 

scope (Supplementary Table S1); L3.5 is an author-defined division of responsibility, and the levels 151 

provide qualitative context rather than a calibrated performance scale. (c) Procedures Sₖ remain fixed 152 

within a task, and reviewed experience informs Sₖ₊₁ for the next task; the first two boxes show records 153 

from Run 20261023-012. Mode shapes are normalized and exaggerated for visibility. QTED, 154 

thermoelastic quality factor; E, Young's modulus; ρ, density. 155 
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This study presents the MRAF and addresses two questions: whether a research agent 156 

operating at L3.5 autonomy can carry a physical hypothesis through candidate construction 157 

and qualified computational comparison, and how recorded difficulties are translated into 158 

expert-reviewed procedural revisions and documented in subsequent use within this MEMS 159 

research setting. The device case is provided by an early, researcher-guided design-discovery 160 

study of a silicon MEMS double-ended tuning-fork resonator, selected because a fabricated 161 

and measured device of the same architecture was available15, which links thermoelastic-162 

dissipation hypotheses to geometry, modal interpretation, and quality-factor–frequency trade-163 

offs. A separate development sequence—consisting of dozens of iterations conducted over 164 

more than three months—examines reviewed procedural change, its subsequent use, 165 

recurring failures, and documented resource demands. A registered experiment of 25 runs, in 166 

five configurations that differ in supplied procedures, scripts, and orchestration instructions, 167 

tests whether these configurations change the research process and the completeness of 168 

its evidence. 169 

Results 170 

Case study using a MEMS DETF resonator 171 

Quality factor affects the noise performance and stability of MEMS resonators. We 172 

examined whether material removal from a DETF resonator could increase the thermoelastic 173 

quality factor, QTED, of its fundamental in-plane flexural mode, in which the two tines vibrate 174 

out of phase. The baseline corresponds to the unslotted design fabricated and measured by 175 

Wang et al.15. Slots modify heat paths and strain fields19, as investigated previously in slotted 176 

tuning forks and microbeams20,21. This early study, Run 20260814-012, used the August 2026 177 

procedures. Researchers who knew the published layout supplied the objective and fixed 178 

geometry constraints, and asked the agent to consider one relief segment per band of high 179 
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thermoelastic loss (Fig. 5b; Supplementary Fig. S2). It is separate from the registered 180 

experiment, whose task prescribed no design direction. 181 

The event log spans 217 min; the session timeline spans 224 min (Fig. 2a). No human 182 

message arrived during the run (Methods). The agent first verified the supplied baseline 183 

model by re-solving it (resonant frequency of the operating mode = 231.046 kHz, QTED = 184 

8045); thereafter, it conducted a literature search and proposed six candidates across five 185 

structural families, fixing this candidate set before any candidate was computed. The set was 186 

revised after geometry checks. It examined saved fields, refined c01, and recommended it for 187 

human review. After calculating c01, it read earlier-run records and copied checking scripts; 188 

its task allowed this, whereas the registered experiment would void such a run. The authors 189 

later corrected one c01 field export (Supplementary Note S1). 190 

The selected design, designated c01, incorporates three slot segments per tine (Fig. 2b; 191 

Supplementary Table S2). Following the guidance, the agent placed one 3 µm slot in each 192 

high-loss band, leaving a 6 µm strip on either side. Its out-of-phase mode is located at 193 

184.743 kHz with QTED = 41499, corresponding to approximately 5.2 times the baseline 194 

value at a resonant frequency 20% lower. The in-phase mode shifts from 217.394 kHz (QTED 195 

= 9453) to 177.992 kHz (QTED = 43176). The run identified the operating mode from saved 196 

fields; the authors assigned the in-phase mode and drew the mode shapes without new solves. 197 

The QTED ratio compares the candidate's operating mode with the baseline at the same 198 

temperature. Four other candidates gave ratios of 2.0 or less; one gave a larger ratio but was 199 

not ranked because its operating mode could not be identified under every required condition 200 

(Supplementary Fig. S3). Author recalculations on finer meshes changed the ratio from 5.16 201 

to 5.05 (Supplementary Tables S3 and S4). The later driven responses in Fig. 2c were 202 

calculated by another run for the baseline and by the authors for c01; half-power quality 203 

factors agreed with QTED within 0.6%. 204 



11 

A second development investigation produced c02, comprising two rows of twelve short 205 

slots per tine (Supplementary Table S2; Supplementary Fig. S4). This design yields a 206 

resonant frequency of 207.780 kHz and QTED = 31449, corresponding to 3.9 times the 207 

baseline value at a resonant frequency 10% lower; its calculated driven response exhibits the 208 

matching quality factor within 1%. Upon recalculation at two finer mesh settings, the ratio 209 

was 3.93 and 3.97, respectively. The two designs thus exhibit different trade-offs between 210 

quality factor and resonant frequency. This c02 is distinct from candidate 2 of the first study 211 

(Supplementary Table S2). 212 

By contrast, fabricated devices furnish an experimental reference. The slotted device 213 

reported in reference15, which incorporates two 320 µm slots per tine, exhibits a measured Q-214 

factor of 43000 at 100.7 kHz, corresponding to 5.9 times that of the unslotted device at a 215 

resonant frequency 54% lower. Application of the same model to this layout yields 110.1 kHz 216 

and QTED = 55202, equivalent to 6.9 times the baseline at a resonant frequency 52% lower. 217 

The authors made this calculation before the recorded run, as a calibration check (Run 218 

20260814-001). Calculation and measurement agree in direction, but the calculated QTED 219 

includes thermoelastic loss alone: its ratio exceeds the measured 5.9 and the published 220 

simulated 5.1, and its resonant frequency is approximately 9% above the measurement. On 221 

the other hand, for the in-phase mode, the calculated QTED = 59265, which is approximately 222 

five times the measured Q-factor of 12000. This discrepancy is consistent with additional 223 

losses, including anchor loss, because the support reactions of the in-phase mode do 224 

not cancel. 225 
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 226 

Fig. 2. An early, researcher-guided device study and the selected design c01. (a) Candidate freezing, 227 

geometry construction, and coupled calculations over 224 min in Run 20260814-012, which used the 228 

August 2026 procedures before the registered experiment (Fig. 4); the triangle marks the message 229 

ranking c01 first. (b) Baseline, the published slotted device (micrograph from reference15), and c01, 230 

with calculated in-phase and out-of-phase (operating) mode shapes from saved displacement fields, 231 

each normalized and exaggerated for visibility and shaded by transverse displacement |ux|. (c) 232 

Calculated driven-response power from checks made after the study, normalized to its peak, with the 233 

dotted line at half power; table entries distinguish calculated eigenfrequency and QTED from published 234 

measured frequency and total Q-factor. Calculations are at 293.15 K, with one solve per value (n = 1); 235 

QTED includes thermoelastic loss alone (Methods; Supplementary Note S1). 236 
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Expert-reviewed method revision and its later use 237 

The development records trace the procedural component of self-improvement, linking 238 

recorded difficulties to methodological revisions and subsequent reuse. The development 239 

record divides into two periods according to who wrote the methods (Supplementary Table 240 

S5). Researchers wrote them during the ten August runs of Fig. 3b, ending with the device 241 

study of Fig. 2. Thereafter, agents drafted changes for researcher approval, while researchers 242 

continued infrastructure repairs. Task conditions, models, and sub-agent use changed; the 243 

historical counts describe development, not the system effect tested in Fig. 4. 244 

One earlier method history connects the two device studies (Supplementary Fig. S5; 245 

Note S1). During a researcher-directed check, a frequency-response tool saved zero responses 246 

because its load did not enter the equations (Fig. 3a). The revision required checking the 247 

effective load before solving and after reopening, and diagnosing a zero response before 248 

declaring a mode absent. The plan had prior approval; no separate sign-off followed the 249 

check, although a further export fix was approved. The later c02 study read the revision and 250 

completed four driven sweeps with half-power quality factors within 1% of QTED 251 

(Supplementary Fig. S4). 252 
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 253 

Fig. 3. Method development before the registered experiment. (a) A researcher-directed tool check 254 

revealed an ineffective load, so load verification and zero-response diagnosis were added to the 255 

procedure, which a later run used for four driven sweeps; Q is obtained from the half-power 256 

bandwidth and QTED from the eigenfrequency study. (b) Total tokens per run (input, including cached 257 

input, and output across main and sub-agent sessions; logarithmic axis), adoption of candidates in the 258 

run registry (filled markers), and candidates calculated in ten development runs in launch order (n = 259 

10); dashed lines show medians of Runs 1–4 and 5–9, and Run 10 is the c01 study. (c) Eight rounds of 260 

one task, one run per round, with the procedures available and the completion score, the mean of six 261 

0–1 criteria (Supplementary Table S6). (d) Time to first baseline reproduction, maximum QTED 262 

deviation (parts per billion) from prompt values supplied by earlier scripted solves of the same model, 263 

and counts of script files written and of procedure-script executions in the same rounds. 264 
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Eight developmental rounds, addressing the common objective of increasing baseline 265 

QTED through material removal, were conducted between 29 September and 1 October 2026 266 

(Round 0–Round 7; Fig. 3c, d; Supplementary Fig. S6; Note S2). Round 0 was conducted 267 

without any procedures. Separate agent sessions reviewed each round, and a researcher 268 

approved changes implemented by a coding assistant. Round 1, Round 2, and Round 4 also 269 

introduced procedures already present in the system (Supplementary Note S2). All eight 270 

recorded decisions were approvals; each round represents one reviewed run. 271 

The first three modifications concern the reports. A finalization procedure followed 272 

Round 2, after which reports and final checks were completed. A source-extraction check 273 

followed Round 4, but scanned a different folder from the original defect; non-recurrence 274 

rests on later reviews. A numeric-range check passed in Round 6 and Round 7 only because 275 

their reports contained no readable range, while reviews still found untraceable values. The 276 

associated single-value check approved after Round 6 was not implemented in Round 7 277 

(Supplementary Note S2). 278 

The fourth modification pertains to the operating mode (Supplementary Figs. S6 and S7). 279 

Round 6 ranked a full-length slot at 10.0 times baseline QTED although its strips did not move 280 

together; its report recommended a 2.1-fold alternative without correcting the ranking. The 281 

revision required saved-field identification before ranking, making the agent’s assessment 282 

procedure itself an object of refinement. Round 7 ranked two segmented designs, the second 283 

at 6.1 times baseline QTED, but followed only one line per tine without comparing strips; its 284 

mesh check, using tolerances chosen after solving, failed for the first design, whose 13.1-fold 285 

value is therefore not converged. It also changed the task, procedures, reasoning setting, and 286 

scripts, and read reference15 before freezing candidates. Its result cannot be attributed to the 287 

mode check or called blind discovery. 288 
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Fig. 3 and Supplementary Table S6 report completion scores, baseline re-solve times, 289 

and script counts. The checks examine the text of the package, while reviews establish 290 

whether problems recur. Passing a check does not establish physical validity. Round 1–291 

Round 4 could read prior folders, and Round 7 changed several settings, so the rounds are not 292 

independent repeats or a controlled learning curve. A further check approved after Round 7 293 

has no subsequent test in this sequence. 294 

Research outputs and resource demands across configurations 295 

To test whether the procedures change the way a run reaches the research goal and the 296 

completeness of the evidence it leaves, we registered a controlled experiment before any run 297 

started (Methods). The 25 runs shared the task, baseline, language model, and host setup. 298 

Five runs received each cumulative configuration: Without MRAF; Stage 1: Solve; Stage 2: 299 

Design; Stage 3: Verify; and With MRAF (Fig. 4a). These are subsets of one frozen version, 300 

not revision rounds; agents could implement methods not supplied. Each run used a fresh 301 

session and host without human input. All stopped within 4.2 h of the first launch, before the 302 

individual 8 h limit (Supplementary Fig. S8). 303 

Each run was assessed on one of its reported designs against three requirements: 304 

operating-mode QTED above four times baseline, mesh and driven-response evidence, and 305 

geometry satisfying fabrication constraints (Methods). No run was void. The final author 306 

assessment counts the mesh requirement as met and accepts a complex driven response 307 

through the operating-mode resonance without a separate harmonic-temperature record. 308 

These rules were set after neutral-code summaries were seen and frozen before configuration 309 

unblinding. Across the five configurations, 1, 1, 4, 5, and 5 of 5 runs succeeded, respectively: 310 

16 of 25 overall, including all five with the MRAF (Fig. 4b; Supplementary Fig. S9). The 311 

main comparison is 1 of 5 without the system against 5 of 5 with it (two-sided Fisher's exact 312 
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P = 0.048). The test was selected after unblinding and applies to the final author assessment, 313 

which differs from the original registered interpretation (Supplementary Note S3). 314 

All 25 runs were judged to meet the QTED condition. For Run 20261023-018, two judges 315 

accepted the run's own mesh after the registered-mesh re-solve failed. Both assessments' 316 

counts include a correction to Run 20261023-022, a Stage 3: Verify run, after unblinding, 317 

when complete judging files became available. Five runs differ between initial and final 318 

assessments because of mesh checks or separate harmonic-temperature records. For the main 319 

comparison, the initial model-judge assessment gives 1 of 5 runs without the system and 2 of 320 

5 with it (two-sided Fisher's exact P = 1.0; Supplementary Note S3). 321 

The unsuccessful runs fell short at different steps (Supplementary Table S7). Seven of 322 

the eight failures without the system or in Stage 1 lacked a driven sweep retaining 323 

thermoelastic loss; the eighth cut an outer side face. The Stage 2 failure cut about 10 µm into 324 

both anchor regions. The runs' own claims of completion, 2, 1, 5, 5, and 5 of 5, did not enter 325 

the outcomes. During re-judging, DeepSeek-V4.1-Flash, the model that ran the experiment, 326 

replaced a judge whose usage limit had been reached in four runs. Its answers contributed to 327 

three initial model-judge successes, two disputed by the third judge (Methods). Run 328 

20261023-012, the earliest-launched successful run with the system, is the registered 329 

illustrative case in Figs. 1 and 5a; its 2:1 judgment is included in the five runs, with missing 330 

driven-peak fields noted by the dissenting judge. 331 

Means (SD) without and with the MRAF were 149 (72.6) and 66.9 (24.8) min from the 332 

first model reply to the recorded stop, 0.334 (0.0654) and 0.584 (0.156) million output 333 

tokens, 319 (99.9) and 496 (107) tool calls, and 0.867 (0.506) and 0.467 (0.298) problems in 334 

review per judge, over five runs each (Fig. 4c). The tool calls, the problems per judge, and the 335 

further measures of all five configurations in Supplementary Fig. S10 were not part of the 336 

registered analysis; they were counted after unblinding and are descriptive. The resource 337 



18 

counts must be interpreted alongside the outcomes reported in Fig. 4b; they do not compare 338 

equivalent amounts of completed work. Full counts and definitions are provided in 339 

Supplementary Table S8 and Note S3. 340 

 341 

Fig. 4. Outcomes and resource use in 25 registered runs (five per configuration) that shared the task, 342 

baseline, and model and ran in fresh sessions without post-launch human input. (a) The five 343 

cumulative configurations progressively add procedures and, in the full system, extended instructions 344 

and orchestration (Methods; Supplementary Table S9). (b) Successful runs under the final author 345 

assessment, in which success requires operating-mode QTED above four times baseline, mesh and 346 

driven-response evidence, and geometry meeting the specified fabrication rules (Methods; 347 

Supplementary Note S3 and Table S7). (c) Time from first reply to stop, output tokens, tool calls, and 348 

review problems per judge in the registered comparison without and with the MRAF; columns show 349 

means, error bars sample SD (n − 1), and open circles individual runs (n = 5 per group). 350 
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Discussion 351 

Agents carry out and record each study, while experts decide which procedural revisions 352 

subsequent tasks will use. The case study using a MEMS DETF resonator demonstrates how 353 

an expert-defined objective may be carried through structural design, coupled-field 354 

calculation, and physical interpretation: the agent compared six geometries under shared 355 

constraints, selected c01 on the basis of the QTED of its operating mode, and the slotting trend 356 

it identified corresponds to that measured in fabricated devices15. Both designs enhance the 357 

modeled thermoelastic quality factor at the expense of a reduced resonant frequency; the 358 

calculated QTED accounts solely for thermoelastic dissipation, whereas the measured total Q-359 

factor incorporates additional losses7. Across the eight rounds of one task, reviewed problems 360 

led to approved procedures used in later rounds. Related systems accumulate skills during 361 

inference22 or compress research time6; here, changes drafted by agents are retained for 362 

subsequent use after expert review. These records illustrate an interpretable route toward self-363 

improving MEMS research: experience is retained as explicit, revisable procedures whose 364 

subsequent use can be inspected. Sustained gains and transfer to other missions remain 365 

questions for future evaluation. 366 

At this prototype stage, three features of the MRAF constitute its contribution. First, 367 

revised methods enter practice through expert review, although the inspected records lack the 368 

author's approval message for the pre-experiment freeze (Fig. 5a). Second, under the final 369 

author assessment, successful outcomes require a recomputed operating-mode QTED above 370 

four times the baseline, accepted mesh and driven-response evidence retaining thermoelastic 371 

loss, and geometry meeting the specified fabrication rules. In the 25-run experiment, the final 372 

author assessment found that all 5 of 5 runs with the MRAF met these conditions, compared 373 

with 1 of 5 without it (Fig. 4b); the initial model-judge assessment is retained in 374 
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Supplementary Table S7. Third, the records document the cost: runs with the system stopped 375 

sooner but used more output tokens and tool calls (Fig. 4c; Supplementary Table S8). 376 

The study has several limitations. It concerns one device and one task, with five runs per 377 

configuration. The cumulative configurations cannot isolate individual procedures or test 378 

their revision; only large differences can be detected, and a nonsignificant result does not 379 

establish equivalence. All 25 runs were judged to meet the QTED condition, so it did not 380 

separate the configurations; resonant frequency was recorded but not constrained, and 381 

reported designs were 8%–70% lower in frequency than the baseline (Supplementary Table 382 

S7). The rules of the final author assessment were fixed before unblinding but after the author 383 

had twice inspected neutral-code summaries. It counts the mesh requirement as met and 384 

accepts a complex driven response through the operating-mode resonance without separately 385 

recorded harmonic temperature perturbation. The main-comparison Fisher P = 0.048 depends 386 

on this interpretation and a test chosen after unblinding. Two successes, including Run 387 

20261023-012, met fabrication rule (b) only under the scripted check's treatment of narrow 388 

ties joining two strips (Methods; Supplementary Note S3.5). The only success without the 389 

system was assessed on a design other than the one its run recommended (Methods). 390 

Unblinding proceeded without the registered signature, and one outcome was corrected 391 

afterward. The executing model replaced an unavailable judge in four runs, contributing to 392 

three initial-assessment successes, including one with the system. One run was accepted on 393 

its own mesh after the registered-mesh re-solve failed. Judges did not receive configuration 394 

labels, but masked procedure names could reveal whether procedures were present. The 395 

guided development case replaced the registered main case (Methods). The frozen frequency-396 

response tool has a documented convergence limitation above QTED ≈ 2 × 10⁵; no reported 397 

design from a run supplied with it reached this range. All candidates used a previously 398 

calibrated baseline, and sensitivity to thermal conductivity, thermal expansion, thermal 399 
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boundaries, etched linewidth, and sidewall angle was not tested. Development-round checks 400 

do not establish physical validity; all eight review decisions were approvals, leaving review 401 

selectivity untested. Calculated gains concern thermoelastic loss alone; under matched 402 

conditions with additive losses, the total quality factor cannot exceed QTED. Held-out-device 403 

retrieval was guarded only in registered runs, and the guard does not cover what the language 404 

models may have learned about reference15 during training (Methods; Supplementary Notes 405 

S1 and S3). Complete records accompany every registered run; we do not claim that repeated 406 

runs would follow the same course. 407 

Extending the system to fabrication and measurement would permit observed device 408 

behavior to test both the proposed structures and the procedures employed to assess them. 409 

The arrangement could also be tested in other device families requiring physical judgment 410 

and in MEMS interface circuitry. An AI-assisted platform that iterates over the device and its 411 

ASIC together, toward the system-level design of intelligent microsystems on a chip, is the 412 

direction of our future work. 413 

Materials and methods 414 

Research tasks and the MRAF 415 

Comparative outcome estimates are based on the 25 registered runs. The early device 416 

study, research and revision histories, and eight developmental rounds explain method 417 

construction (Supplementary Notes S1–S2 and S4). The guided device study, Run 20260814-418 

012, was executed in Codex CLI on DeepSeek-V4-Flash at maximum reasoning after the 419 

requested GPT-5.6-Sol was rejected. Permission requests were decided by the automatic 420 

reviewer. Its task carried guidance written by researchers who knew reference15, without a 421 

held-out rule. After the initial instruction to continue, no human message arrived before its 422 

report. Later calculations supporting this study are detailed in Supplementary Note S1. 423 
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Seven roles cover coordination, literature, hypotheses, geometry, simulation, mode 424 

interpretation, and reporting. Procedures are stored as agent skills; frozen version 2026-10-425 

23.1 was written to contain no expected design or result, and its COMSOL scripts work on 426 

model copies. The agent that loads the entry procedure coordinates the study. In Stage 3: 427 

Verify and With MRAF, it passes the blind mode check to a separate sub-agent that does not 428 

see the main session; this sub-agent works from saved displacement fields and per-segment 429 

amplitude and phase records. In With MRAF, it also passes mode screening and literature 430 

search to sub-agents, and in some runs command execution and the cross-check of 431 

deliverables. The 20 runs supplied procedures had a hook instructing the agent to load the 432 

entry skill by name, without retrieval, at session start and after restart or context compaction; 433 

the five runs without the MRAF had none (Supplementary Table S9). L3.5 is our author-434 

defined division of responsibility, adapted from reference3. 435 

 436 

Fig. 5. Method revision and device design. (a) A trial run's purely real driven response prompted a 437 

diagnostic requirement, and a later registered run read the revised procedure and produced a complex 438 

response with phase crossing −90°; each plot shows one baseline sweep from a different run (n = 1 439 

per plot), with detuning relative to 231.046 kHz. (b) For the early c01 study (Fig. 2), the researcher 440 

suggested one relief segment per loss band, and the agent defined three full-depth slots per tine, each 441 

3 µm wide, with lengths of 145, 375, and 124 µm, before building the STEP geometry. 442 
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Development archive 443 

Inspected messages from Round 0–Round 7 name GLM-5.3. Procedures and rules 444 

changed; Round 7 also changed the task and reasoning setting. Reviews, analogous to the 445 

reviewer and critic agents of earlier systems2,23, recorded severity and subsequent recurrence. 446 

These records and earlier paired runs are development history, excluded from effectiveness 447 

estimates (Supplementary Note S2; Tables S6 and S10; Fig. S11). 448 

The revision in Fig. 5a followed five pilots whose driven calculations or reporting were 449 

incomplete. Run 20261022-004 claimed complete deliverables despite 1112 purely real 450 

driven-response rows. Commit b11bf570 revised three procedures, changed one script, and 451 

added another; a purely real response required diagnosis. Kimi reviewed the revision before 452 

freeze 3277b693; the author's approval message is not retained. Run 20261023-012 read the 453 

revised COMSOL procedure 11 s after its task. The common registered prompt also rejected 454 

purely real responses, so this chronology does not establish a revision effect. The earlier tool 455 

revision of Fig. 3a is documented in Supplementary Note S1.3. 456 

Registered experiment and blind assessment 457 

On 23 October 2026, before any run started, the author signed the registration, an 458 

internal document whose SHA-256 hash is stored in the launch records. Five cumulative 459 

configurations—Without MRAF; Stage 1: Solve; Stage 2: Design; Stage 3: Verify; and With 460 

MRAF—each comprised five new sessions with the same task, baseline, DeepSeek-V4.1-461 

Flash at maximum reasoning, and Claude Code 2.1.310. The task did not supply the held-out 462 

slotted-device design from reference15. A fixed seed assigned configurations and launch order 463 

across new Alibaba Cloud hosts, each with 4 vCPUs, 16 GB memory, and one COMSOL 6.3 464 

image. All launched within 6.2 min from 00:44 UTC on 24 October. Unsupplied methods 465 

could be implemented by the agent. No run received post-launch human input or was 466 

resumed. Unfinished runs would count as unsuccessful. All ended within 4.2 h of the first 467 
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launch, before the individual 8 h limit; all 25 were retained without host replacement 468 

(Supplementary Note S3). 469 

The original registered outcome was to assess the final recommended design, or the 470 

highest reported QTED ratio design if none was recommended. In practice, when a run listed 471 

the comparisons that met the target, the frozen evidence-collection script took the design in 472 

the first such row of the run's comparison table. In four runs this was not the recommended 473 

design: in Runs 20261023-005 and -009, no design had a driven sweep retaining 474 

thermoelastic loss, and Runs 20261023-013 and -016 were counted as successes in the final 475 

assessment on designs they had not recommended (Supplementary Note S3.1). The original 476 

registered success criteria required: (1) recalculated operating-mode QTED > 4× matched 477 

baseline at ΔT = 0; (2) the run's two-level mesh check within its tolerance declared before 478 

solving (default 10%), and complex driven responses of baseline and design through 479 

resonance, with non-zero harmonic temperature and operating-mode displacement fields at 480 

the peaks; and (3) full-depth material removal preserving task invariants and meeting the two 481 

fabrication rules that the task specified for the silicon-on-insulator multi-user MEMS process 482 

(SOIMUMPs): (a) minimum silicon feature/gap 2 µm; (b) features narrower than 6 µm 483 

spanning ≤ 500 µm with each end merging into silicon ≥ 6 µm wide, or ≤ 100 µm with one 484 

such end (the scripted check counted a narrow tie joining two strips as such an end; 485 

Supplementary Note S3.5). Baseline alteration, reading another run, or using the held-out 486 

device to construct/rank candidates would void a run while retaining it in the denominator; 487 

none was void. Retrieval alone was recorded, and frequency changes and self-reported 488 

completeness did not decide success. 489 

The conditions distinguish improvement24 from valid completion25,26, with separate 490 

evidence interpretations27, violation rules28,29, mesh verification30, mode identification12, and 491 
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driven-response checking11,31. Separate recalculation32 and model judges33,34 implement a 492 

three-condition rubric35. 493 

Scripts frozen before the first run ended recalculated baseline and design at Finer (hauto = 494 

3), adding Extra fine (hauto = 2) for walls <3 µm or ratios 3.6–4.4; Extra fine decided when 495 

available. Ratios straddling four were undetermined. Twenty modes were requested near 200 496 

kHz; fields determined operating-mode identity. Kimi K3.1 Pro and GLM-5.3 judged neutral-497 

coded files independently; GPT-6-ASTRA resolved disagreements by majority. No 498 

unresolved disagreement reached the author. Masked procedure names could reveal whether 499 

procedures were present, limiting blinding. 500 

Three amendments preceded opening outcomes. The first two repaired evidence 501 

collection and judge calls. After seeing two neutral-code summaries, the author allowed 502 

import-setting changes to be recorded, failed preparations to reach judges with available 503 

evidence, and a separate relaxed model-judge reading. After the operator (AI coding 504 

assistants that prepared the judging files and ran the judges under the author's direction) had 505 

read judgments, clarified instructions treated tool flags as failures only when results showed 506 

errors, condition 1 as undetermined only when no result existed, and mode criteria beyond the 507 

task definition as reference aids. Six runs were rejudged; earlier judgments remain. For Runs 508 

20261023-013 and -018, the operator selected STEP files by content after filename 509 

mismatches. Run -018's prescribed refinement failed; two judges accepted its Normal-mesh 510 

result over GPT-6-ASTRA's objection, using a QTED ratio of 6.57 against the matched 511 

Normal-mesh baseline. 512 

When Kimi reached its usage limit, the author authorized DeepSeek-V4.1-Flash, the 513 

experiment's own model, to supply missing judgments for Runs -012, -018, -023, and 514 

corrected -022. Its answers supported three initial-assessment successes. For Run -012, GPT-515 
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6-ASTRA dissented because the judging files lacked driven-peak displacement fields. This 516 

substitution limits judge independence (Supplementary Table S7). 517 

The initial model-judge and author's outcome tables were frozen at 10:43 UTC on 24 518 

October, before configuration unblinding at 10:44 without the prescribed signature. The 519 

author's interpretation, set after neutral-code summaries, counts the mesh requirement as met 520 

and accepts a complex driven resonance without a separate harmonic-temperature record. It 521 

differs from both the initial and relaxed model-judge readings. After unblinding, Run 522 

20261023-022 was found to have been judged from 161 of 326 files; GLM-5.3 and 523 

DeepSeek-V4.1-Flash reassessed the complete files and accepted all conditions. Frozen tables 524 

remain unchanged. The author subsequently adopted this corrected final assessment for 525 

reporting: 1, 1, 4, 5, and 5 successes. It is not the original preregistered interpretation or 526 

unanimous independent adjudication. Amendment timings, preliminary readings, and 527 

masking/held-out-search limitations remain in Supplementary Note S3. The preliminary 528 

reading does not enter outcomes; the held-out scan did not cover all tool returns or reasoning. 529 

The frozen driven-response tool had a documented convergence limitation above about 530 

QTED = 2 × 10⁵; it was retained unchanged. Its pilot checks and scope are in Supplementary 531 

Note S3.10. 532 

Statistics and descriptive measures 533 

We report successes out of five with exact Clopper–Pearson 95% intervals 534 

(Supplementary Note S3.9). The registered main comparison was without versus with the 535 

MRAF; a two-sided Fisher test was selected after unblinding. The final assessment gives P = 536 

0.048; the initial assessment remains in Supplementary Note S3 and Table S7. Intermediate 537 

configurations are descriptive and do not isolate procedure effects. 538 
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Run 20261023-012 is the earliest-launched successful run with the MRAF under both 539 

readings, as required for the registered illustrative case, and appears in Figs. 1 and 5a. The 540 

author selected the early c01 study for Fig. 2 after unblinding; this does not change the 541 

analysis population. 542 

Time and tokens were registered secondary quantities; their pre-outcome definitions lack 543 

recorded formal approval. Time spans first reply to stop. Tokens and tool calls include main 544 

and sub-agent sessions; Fig. 4c uses output tokens. Problems per judge average 545 

unmet/undetermined conditions across the final responding judges. Tool calls, review counts, 546 

and mean/SD displays were selected after unblinding without significance tests. Token 547 

counts, reported as cost or efficiency measures in earlier agent studies16,24, here describe 548 

unequal amounts of completed work and do not establish efficiency (Supplementary 549 

Table S8). 550 

Selected baseline and material model 551 

The early study copied a 668089-byte baseline; the registered runs used a 510254-byte 552 

file with identical settings, including supports, thermal boundaries, coupling, and temperature 553 

sweep. Archived selection records and Supplementary Note S3 identify hashes. Tine width, 554 

thickness, and gap were 15, 25, and 15 µm. Material parameters were E = 170 GPa, ν = 0.28, 555 

ρ = 2329 kg m⁻³, Cp = 700 J kg⁻¹ K⁻¹, effective k = 70 W m⁻¹ K⁻¹ (130 in the material record), 556 

and α = 3.0 × 10⁻⁶ K⁻¹. Before the early study, α was adjusted from 2.6 × 10⁻⁶ K⁻¹ to approach 557 

the published simulated baseline QTED of 8100 (reference15). All candidates used this 558 

calibrated model. Temperatures were 293.15 K + {0,20,40,60} K; registered comparisons and 559 

unspecified figure values use ΔT = 0. 560 
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Geometry construction and coupled-field calculations 561 

Baseline re-solves had to reproduce supplied frequency and Q at every temperature 562 

within 1% in the early study/Round 0–Round 6 and 5% in Round 7/registered runs. 563 

Candidate definitions preceded geometry imports and solves; the early study froze its 564 

candidate set five times, whereas the registered task required immutable records. Outer shape, 565 

anchors, boundary faces, connectivity, member count, and mirror symmetry were invariant. 566 

The six full-depth c01 slots were 3 µm wide and removed 15.58% of baseline volume (Fig. 567 

5b; Supplementary Table S2). 568 

For a lightly damped complex eigenfrequency f, QTED = |Re(f)|/[2|Im(f)|] (reference8). 569 

The early study ranked the minimum candidate/baseline QTED ratio over four temperatures, 570 

requiring the fundamental operating mode at each: transverse in-plane motion, opposing 571 

tines, and single-lobe bending. Post-run tracking used the modal assurance criterion36. 572 

Authors made in-phase assignments and mode drawings after the runs; refinement 573 

calculations are retained in Supplementary Tables S3–S4, and author Run 20261002-002 574 

recalculated c02 at the same two finer mesh settings. 575 

Driven Q = fres/(f+ − f−), where |H|² falls to half its peak at f±. The authors' post-run c01 576 

check applied 1 nN to each facing inner wall, oppositely for the operating mode or together 577 

for the in-phase mode, and read the difference/sum of transverse midspan displacement on 578 

the inner strips with thermoelastic coupling retained. Responses are normalized to their 579 

own peaks. 580 

Published-device comparison and figure data 581 

Measured Q-factor values and the micrograph come from reference15; unslotted-device 582 

frequencies were read approximately from its plot axes. The authors modeled the published 583 

geometry from the same reference before the early study, as a calibration check. Baseline 584 
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driven curves came from later Run 20260906-001 and c01 curves from author Run 585 

20261002-001. For additive losses, Qtotal⁻¹ = QTED⁻¹ + Qanchor⁻¹ + Qgas⁻¹ + Qsurface⁻¹ + ⋯ 586 

(reference7). Fig. 2a spans 224 min from the first reply after the researcher's “go on” to the 587 

report; stage boundaries follow file creation times. Fig. 1a,c use Run 20261023-012, but their 588 

remaining elements, including boxes 3–5 of panel c, are schematic. Apart from the judges' 589 

recalculations and author c01 driven responses, figures required no new COMSOL solve. 590 

Supplementary Note S4 distinguishes archived fields, subsequent calculations, and figure 591 

processing; these contributions are not credited to autonomous execution of the early study. 592 

Data availability 593 

The data and code that support the findings of this study are available from the 594 

corresponding authors upon reasonable request. 595 
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