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Scientific agents support hypothesis generation and experimental planning, but validating
their proposals in the natural sciences often requires physical experiments. Autonomous
laboratories aim to close the loop between planning, execution, and experimental feedback,
yet heterogeneous equipment and interfaces complicate capability integration and reuse. We
propose SCP-Lab as a laboratory-facing extension of the Science Context Protocol. It organizes
laboratory access through five levels of exposed control granularity, from established workflows
to actuator actions. These levels clarify the choices available to a user and the responsibilities
retained by a facility. A common interface supports capability discovery, task submission, and
execution feedback, with records that link physical completion evidence to the relevant tasks,
samples, and results. Laboratory cases spanning chemistry, materials science, and the life
sciences illustrate workflow and device access, embodied operations, and coordination across
laboratories. The design aims to reduce integration and expansion costs, broaden experimental
scope, and support collaboration across facilities and regions.

Project repository: https://github.com/InternRobotics/SCP-Lab

Keywords: Scientific agents; Autonomous laboratories; Laboratory access protocols; Laboratory interoper-
ability; Control granularity

1. Introduction

Scientific discovery advances through a continuing exchange between ideas and evidence. Specialized
AI models are accelerating this exchange by expanding the scale of scientific prediction, design, and
search [1, 2, 3, 4]. Scientific agents extend these advances into research workflows that connect
knowledge retrieval, hypothesis generation, and experimental planning with feedback from scien-
tific tools [5, 6, 7]. Such workflows have demonstrated progress in AI research and mathematics,
where computational experiments and automated evaluators provide direct feedback on candidate
solutions [8, 9, 10]. In the experimental natural sciences, however, computational proposals must
ultimately be tested against physical evidence, often through wet-lab validation.

Reliance on manual execution can make this validation difficult to reproduce and scale: procedures
depend on operators’ experience, and manual experimentation is time-consuming [11]. Autonomous
laboratories aim to address this bottleneck by continuously translating high-level goals into executable
plans and trustworthy experimental evidence [12, 13, 14, 15]. Yet experimental equipment varies
widely across scientific fields and laboratories [16, 17]. Some platforms run complete experimental
workflows and allow users to adjust only specified parameters, while other equipment supports
selecting individual operations and changing their sequence. This heterogeneity makes it difficult to
reuse existing experimental capabilities or coordinate equipment across laboratories without repeated
integration work [18, 19].

Shared interfaces offer a way to connect heterogeneous resources. A general example is the Model
Context Protocol (MCP), which standardizes tool and data access for AI applications [20]. The Science
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Figure 1 | Connecting scientific ideas and experimental evidence through SCP-Lab. Manual
experimentation is time-consuming and depends on operator experience, while heterogeneous
equipment complicates integration and reuse. SCP-Lab connects scientific agents with laboratory
capabilities to support a closed loop in which experimental evidence informs new ideas and subsequent
experiments. The design aims to reduce integration costs, broaden experimental scope, and support
collaboration across laboratories.

Context Protocol (SCP) applies this approach to scientific resources, including software, models,
datasets, and physical instruments [21]. The Model Hardware Standard (MHS) research preview
introduces standardized drivers and device discovery to support agent control and coordination
across physical devices [22]. Together with laboratory interoperability standards [23, 24], these
efforts provide a foundation for shared laboratory access. A common interface needs to accommodate
different degrees of equipment control: users should know which experimental capabilities are
available, what they can adjust, and how to obtain execution feedback and results.

To address these requirements, we propose SCP-Lab as a laboratory-facing extension of SCP.
The protocol supports a closed loop between idea generation and experimental validation, in which
experimental evidence helps refine hypotheses and guide subsequent experiments. The multilevel
access framework clarifies which experimental operations users can invoke and which parameters or
procedural steps they can adjust. Users can therefore reuse established workflows or customize proce-
dures for new experiments within the control options their equipment provides. These capabilities
are accessed through a common interface, while device-specific commands and physical execution
are handled locally. This separation supports the reuse of verified adapters and workflows across
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scientific agents, as well as new combinations of equipment functions and embodied operations.
As summarized in Figure 1, the design aims to reduce integration and expansion costs, broaden
experimental scope, and support collaboration across facilities and regions. Cases spanning chemistry,
materials science, and the life sciences ground these design choices in existing experimental practice.

2. Related Work

Scientific Agents and Autonomous Experimentation. Work on autonomous experimentation
connects scientific reasoning with physical testing [12, 25]. This research spans learning-guided
reactivity searches and robotic synthesis [26, 27], as well as autonomous platforms for flow chemistry,
protein engineering, and materials discovery [28, 29, 30, 15, 31, 32]. Agents based on large language
models (LLMs) contribute natural-language reasoning and tool use to this effort, supporting chemical
research [5, 33, 6] and hypothesis development in AI co-scientist [7] and Virtual Lab [34]. Natural-
language interaction also supports experimental execution: ORGANA [35] and AILA [36] connect
scientists’ requests to robotic chemistry tasks and atomic force microscopy, respectively. Across these
settings, the link between scientific goals and physical experiments depends on the capabilities
available through laboratory interfaces.

Laboratory Software and Workflow Orchestration. Laboratory control and orchestration software
provides the execution support for these systems. The Chemputer [37] and Chemical Description
Language (XDL) [38] translate procedure descriptions into equipment operations. ChemOS [39, 17]
separates experiment planning from hardware-specific execution, while HELAO-async [40] and
IvoryOS [18] coordinate workflows and instruments. Distributed studies extend coordination across
facilities while retaining local execution [41, 42, 19], and UniLabOS [43] models laboratory actions
and resources for this setting. SCP-Lab follows this modular approach, defining a common interface
for the workflows and device functions exposed by existing laboratory software.

Protocols and Interoperability Standards. MCP [20, 44] provides general tool and data access,
including experimental support for durable tasks in its November 2025 specification, while SCP [21]
unifies scientific resource description and invocation. The MHS research preview [22] introduces
standardized device drivers and discovery, with access through MCP, command-line interfaces, and
code. PUDA [45] similarly combines command-line hardware access with structured experimental
records. Laboratory standards provide more specific execution models: Standardization in Lab
Automation (SiLA) 2 [23] defines observable commands and execution feedback, while the Laboratory
and Analytical Device Standard (LADS) [24] covers device programs, execution state, and sample
and result relationships. SCP-Lab focuses on the experimental control exposed through an interface.
Its five-level model relates exposed control choices to execution responsibilities, physical completion
evidence, and the sample context needed to interpret experimental results.

3. Architecture and Experimental Workflow

Figure 2 summarizes the roles of a scientific agent, a laboratory operating system, and the local
execution layer at each laboratory. A scientific agent might propose the high-level plan: “I want to
synthesize zinc oxide nanoparticles using a hydrothermal method and investigate how reaction temperature
affects their size.” Executing this plan requires choices about the reactor, precursor quantities, reaction
temperature and duration, and equipment for sample preparation and size characterization. The
laboratory operating system selects suitable equipment, specifies these settings, and coordinates the
resulting tasks through SCP-Lab. The local execution layer operates the equipment. As observations
return, the scientific agent can evaluate the proposed relationship and decide which experiments to
pursue next.
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Figure 2 | SCP-Lab in the experimental workflow. A scientific agent develops high-level experimental
plans and interprets returned evidence. A laboratory operating system selects capabilities and
coordinates tasks through SCP-Lab, while local adaptation software and existing controllers execute
the work. Capability discovery, task submission, and status and result feedback connect these roles
across laboratories and support both equipment functions and embodied operations.

The workflow involves three forms of interaction. First, discovering available operations establishes
what a laboratory can do and helps the operating system assign tasks to suitable resources while
considering expected execution efficiency. Each laboratory describes the operations or workflows it
offers; we call each of these a capability. The description states the available settings and operating
conditions. The operating system can then select, for example, a reactor with a suitable temperature
range and vessel capacity. Second, submitting experimental tasks specifies the work to be carried out.
The operating system supplies sample information and settings for the selected operation, such as the
reaction temperature and duration in the synthesis example. The local execution layer checks the
request, assigns an identifier to accepted work, and starts execution when local conditions permit.
Third, receiving status and results lets the operating system follow execution and obtain experimental
data. The local execution layer reports progress and interruptions throughout the task and returns
results as they become available. These records associate observations, such as temperature profiles
and characterization data, with the relevant tasks and samples. The operating system uses progress
reports to coordinate subsequent steps, while the scientific agent assesses the findings.

The local execution layer comprises adaptation software and the equipment’s existing controllers. Its
implementation depends on the manufacturer: some instruments expose an application programming
interface (API) or a software development kit (SDK), while others can only be operated through
the graphical user interface (GUI) of their control software. The adaptation software converts task
parameters into the appropriate calls, imported programs, or GUI actions; the controllers carry out
the physical work. The software also reads equipment status and data and associates them with
the submitted task. We can reuse the same adaptation across scientific agents and experimental
workflows because the local execution layer handles the manufacturer-specific interfaces.

Small-batch, exploratory experiments may not warrant a dedicated automated setup, and special-
ized equipment may be poorly suited to open-ended procedures. Embodied systems could support
such work through flexible manipulation and the use of existing laboratory tools. Robotic chemistry
already includes manipulating laboratory vessels and operating conventional instruments [13], as well
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Table 1 | Five access levels for heterogeneous laboratory equipment. The levels describe the scope of
the caller’s control; every level may expose adjustable parameters.

Level Form of access Scope of the caller’s choices

L1 Established workflow Select a workflow and set its exposed experimental inputs and condi-
tions; the internal steps and order remain fixed.

L2 Configurable workflow Select and organize the steps or modules made available by the facility,
which executes the submitted workflow.

L3 Single-device function Invoke a function and adjust its exposed parameters while the local
system retains the predefined internal steps and order.

L4 Internal device operations Select, reorder, or repeat exposed steps within a device function,
and set their parameters through supported commands or program
configuration.

L5 Actuator action Specify exposed motion or actuation commands, such as a pose, rail
position, or gripper action.

as electrode polishing and procedures guided by visual feedback [35]. We therefore treat embodied
operations as part of the experimental work that a laboratory can offer through SCP-Lab. For example,
a laboratory could expose robotic electrode preparation alongside electrochemical measurement.
The operating system would identify the electrode and select a supported preparation procedure;
the robot would carry it out and report whether it completed or stopped early. The coordinator
could request the measurement after preparation was confirmed and link both tasks to the same
experiment. Sample transport and instrument loading can participate in this workflow alongside
these experimental operations.

Coordination across laboratories must connect independently maintained resources. Each site
publishes its own capability descriptions and access conditions, while the laboratory operating system
selects operations and assigns tasks across sites. The operating system links each site’s task records to
the scientific plan and collects results together with sample identities and experimental conditions. A
study can thus draw on complementary resources across institutions and retain the origin and context
of each contribution. Material transfer between sites adds transport and receipt to the workflow
(Section 5). A caller may delegate a complete workflow or a finer experimental action, both within a
laboratory and across sites. Section 4 defines the five levels of control granularity.

4. Five Levels of Control Granularity

Laboratory equipment differs in both its experimental functions and the control it makes available to
users. An integrated station may accept only a complete workflow, while another system allows users
to arrange experimental steps or alter a device’s internal procedure. We introduce five access levels
to accommodate these different forms of access within SCP-Lab (Figure 3; Table 1). The levels span
whole experimental workflows, individual device functions, and direct actuator control, allowing
existing equipment to participate at the scope its interfaces support. A level describes what the caller
may invoke and change. It does not rank equipment quality, automation maturity, or scientific value.
The appropriate choice depends on the experimental task and the control available.

4.1. Levels of Exposed Control

L1 provides access to an established experimental workflow as a whole. An organic synthesis work-
station could, for example, add reagents, stir and heat a reaction, then cool it and collect a sample
in a predefined sequence. The caller selects the recipe and permitted conditions, such as quantities,
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Figure 3 | Five levels of laboratory access and caller control. L1 and L2 concern whole experimental
workflows, L3 and L4 concern individual device functions and their internal operations, and L5 exposes
motion or actuation directly. The examples distinguish the execution unit invoked from the choices
available to the caller. Every level may expose adjustable parameters; the classification describes
control scope rather than automation maturity.

temperature, and duration, while the workstation retains the steps and their order. L2 allows the
caller to select and arrange the workflow’s exposed steps or modules before the local system executes
it. The synthesis workstation might support staged reagent additions with mixing between them, or a
different ordering of addition, reaction, and measurement steps. Both levels expose experimental
choices; L2 additionally permits changes to the workflow’s organization.

L3 gives access to an individual device function whose internal steps and order are predefined by
the local system. The caller selects the function’s inputs and exposed parameters, while the device
retains responsibility for organizing those steps. For example, a liquid-transfer call can accept source
and destination wells, volume, and transfer speed, while the workstation carries out aspiration and
dispensing as part of the same function. The laboratory operating system can place this function at
different points in a larger experimental workflow.

L4 gives the caller control over the operations inside a device function. The caller can select the
exposed steps, specify their parameters, and arrange their order or repetition within the device’s
constraints. The local system executes this customized procedure through a supported device program
or individual operation calls. For example, separately exposed aspiration and dispensing operations
let a caller organize how a liquid-handling function proceeds. L2 instead concerns the arrangement
of experimental stages or functions within a larger workflow, so the two levels describe configurable
control at different scopes.
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Figure 4 | Multilevel access, capability composition, and workflow reuse. A physical device may
expose both a predefined function at L3 and caller-configurable internal operations at L4. Compatible
capabilities can be discovered and combined across devices, with local execution and task feedback
supporting coordination. A validated combination may then be offered as an established workflow
at L1 or a configurable workflow at L2. Reuse requires compatible inputs, outputs, and operating
conditions, together with declared completion criteria and checks on samples and shared resources.

L5 exposes motion or actuation directly, such as an arm pose, a rail position, or a gripper action.
A caller could organize a plate pickup by specifying the approach, grasp, and lifting movements.
This scope requires attention to coordinate frames, reachable space, and motion constraints. Local
controllers continue to enforce the equipment’s protections. The level follows the actions exposed to
the caller, regardless of whether motion planning or a learned model produces those actions.

4.2. Multilevel Access and Capability Reuse

The same device may offer several levels through different interfaces (Figure 4). A microplate reader
could expose a predefined shake–read function at L3 and also allow the caller to organize a shake–
read–shake–read sequence at L4. Agilent’s Epoch 2 documentation describes saved reading protocols
and procedure editing in Gen5, including options for shaking before the first or each successive kinetic
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read [46]. A researcher may prefer an established method for routine use or need to reorganize
the steps for a different measurement strategy; familiarity with the instrument can also influence
that choice. The classification follows the control exercised through the interface: a predefined
repeated-reading method can still be offered at L3.

An electrochemical workstation could likewise offer a complete measurement method at L3 and
access to its internal operations at L4. The first interface accepts settings such as potential limits
and scan rate and returns a measurement curve. The second lets the caller organize control-mode
selection, excitation signals, measurement-circuit switching, and data acquisition into a customized
procedure. Gamry’s Explain documentation describes both standard experimental scripts and user
access to these operations [47]. Each interface would have its own capability description, even though
both use the same instrument.

These functions can also be combined into a reusable experimental workflow. The laboratory
operating system might coordinate liquid transfer, mixing, and plate reading across devices. A
laboratory could then offer a validated sequence as a single workflow, with declared inputs, conditions,
and outputs. It would provide L1 access if the steps and order were fixed, or L2 access if callers
could select and rearrange the exposed steps. Later experiments could reuse the workflow without
organizing each device call again, while the individual functions could remain available for other
combinations. A robotic plate-transfer function could participate at L3 when its local system handles
the internal navigation and manipulation steps.

Reuse requires more detail than a level label. Each capability must describe its inputs, units, pa-
rameter ranges, compatible samples and containers, and required initial conditions. Effective settings
and any local defaults belong in the execution record, together with the criteria and observations
used to establish completion. These details help determine whether a function or workflow is suitable
for another experiment. Multiple interfaces can also refer to the same physical equipment, so an
individual device call must respect a workflow already using that device. Section 5 explains how task
and resource records support this coordination.

5. Capability Descriptions and Runtime Coordination

5.1. Capability Descriptions and Parameter Schemas

Standardized laboratory access requires a shared description of the operations available, the in-
puts they accept, and the feedback they provide. We organize this information into seven cate-
gories (Table 2). MCP uses inputSchema to describe a tool’s accepted parameters and an optional
outputSchema for its structured results [20]. Laboratory descriptions also need to specify parameter
meanings, experimental objects, operating conditions, and completion requirements. The parameters
of each operation follow its experimental requirements and the controls exposed by the device. A
common description structure allows additional fields for particular instruments or disciplines.

A liquid-transfer call, for example, identifies the liquid, source and destination wells, and the
volume with its unit. Its parameter schema states which values are required, their permitted ranges,
and how omitted settings are handled. The description also identifies compatible containers and any
required initial conditions, so the caller can judge whether the operation is suitable for the intended
task. Completion requirements state how the transfer will be confirmed, while the process and result
fields specify what progress and data the device can report. Safety constraints define the permitted
settings and control actions.
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Table 2 | Information categories for SCP-Lab capability access and task feedback. Descriptions declare
the accepted inputs and available feedback; task records supply values and observations during
execution.

Information category Main fields Purpose

Capability and level Capability name, version, provider, and exposed ac-
cess level.

Identify, discover, and reuse ca-
pabilities.

Invocation parame-
ters

Parameters and types, units, ranges, required values,
default handling, and permitted step configurations.

Specify what the caller may ad-
just and how to supply it.

Experimental objects Samples, materials, containers, wells, and locations. Identify the objects handled
across devices.

Execution conditions Equipment configuration, resource requirements, ini-
tial sample state, and container requirements.

Determine whether equipment
can undertake the task.

Completion require-
ments

Expected state, completion criteria, and confirmation
methods.

Establish whether dependent
steps may proceed.

Process and results Progress, timestamps, actual execution conditions,
errors, and data.

Track execution, interpret re-
sults, and trace their history.

Safety constraints Operating limits, invocation permissions, interlock
requirements, and conditions for pause, stop, and
recovery.

Define permitted operations
and responses to interruptions.

Persistent State Condition-Aware Coordination Local Execution & Safety

Linked execution records

Task
ID · progress · completion

Equipment
Occupancy · condition

Sample
ID · container · location

Time & information source

Settings · defaults · versions

Completion evidence
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Accepted Executing Completed
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Workflow call
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Shared equipment
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split S1

S2

mix

S3

measure
Result

Lab A Lab B

Admission gate

Authorization Parameters
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Execute locally
Limits · interlocks
Emergency protection

Pause / stop / human intervention
Confirm physical state · update records

Local validation

Resume Hold / new decision

State & evidence updates · intervention records

Recovery after communication loss
Timeout /

lost acknowledgement
Retry with original

request ID
Recover existing

task record
Reconcile with
physical state

Decide how
to proceed

No blind
re-execution

submit

Figure 5 | Runtime coordination and execution feedback. Linked task, equipment, and sample
records inform dependent operations, shared equipment use, and sample handovers between labora-
tories. Local systems check requests and enforce safety constraints; pauses and interventions update
the same records. Recovery after communication loss retrieves the existing task record and checks
the physical state before deciding how to proceed. Completion is assessed against declared criteria
and supporting observations.

5.2. Runtime State and Communication Continuity

Each accepted task has a record that evolves as the experiment proceeds (Figure 5). We record task
progress, equipment availability, and sample state together because a change in one can affect the

9



others. Pausing a task, for example, may leave the equipment occupied and the sample awaiting
further processing. Status updates associate tasks with the relevant equipment and samples, and
retain their time and information source. The laboratory operating system uses this feedback to assess
current conditions and revise affected tasks. Execution records also preserve the reported settings,
applied defaults, available configuration versions, and observations associated with each result. These
details help researchers reconstruct how an experiment was carried out before attempting to repeat
it [48]. ESCALATE, a software framework for automated chemical experimentation, similarly links
experiment specifications to metadata capture and structured reporting [49].

The task record distinguishes acceptance, execution, and successful completion. Acceptance
confirms that the local system has admitted the task; execution begins when local work starts, and
success requires the declared completion conditions to be met. A temperature-holding task, for
example, can require that a reported temperature remain within a specified range for a specified
duration. Its completion record would include the temperature observations and timing used to
confirm that condition. An acknowledgement that the heating command was sent establishes only that
the command was issued. The same principle applies to liquid transfer: automated dispensing studies
have found that delivered volumes depend on tips and operating settings [50], so a report that a
dispensing sequence finished should identify whether the delivered amount was measured. The record
makes the basis for declaring completion explicit. Successful execution can still yield an unfavorable
scientific result, such as a correctly performed measurement that reveals failed preparation.

Task records must remain available across interruptions in communication. A liquid-transfer
request may time out after dispensing has occurred, so repeating it without checking could alter
the sample again. A retry should retain the original request identifier and recover the existing task
within the declared scope and retention period. Changed request content under the same identifier
should be rejected. The laboratory operating system can then query that task and reconcile its record
with the local physical state before deciding how to proceed. Until this check is possible, the last
confirmed state remains distinguishable from the current, uncertain outcome. Request deduplication
alone cannot establish that every physical operation occurred exactly once.

5.3. Coordination Across Devices and Laboratories

Tasks that depend on earlier operations must wait until those operations satisfy the conditions required
by the next step. Tasks without such dependencies can proceed concurrently when their sample
and resource requirements permit [40]. For example, a plate-reading task can begin after sample
preparation is complete, the correct plate has arrived, and the reader is ready. The protocol provides
the task status, sample references, and resource information that the laboratory operating system
needs to make this decision. Multiple interfaces may also share equipment: an individual reader call
and a whole-workflow call must respect the same resource occupancy. The local system coordinates
these requests and confirms when the equipment is ready for further work. A finished or failed task
may still leave equipment requiring cleanup or cooling.

Coordinating these steps also requires knowing which material each operation receives and
produces. A sample record identifies the material, its container and well, and its current location.
Moving a plate updates its location; splitting a sample associates each resulting portion with its
source; mixing samples records the sources of the mixture. Subsequent measurements link to the
resulting sample, so the reader can trace which preparation produced the material being tested. The
PROV Ontology (PROV-O) provides concepts for recording derivations and activities, while the ISA
framework organizes investigations, studies, and assays [51, 52]. The FAIR principles guide how
these descriptions can be made findable, accessible, interoperable, and reusable [53]. Each sample
update retains its task, time, and information source, and a reported addition remains distinguishable
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from a measured composition.

Cross-laboratory coordination extends these relationships to tasks and samples at different sites.
Distributed experimental systems provide precedents for such collaboration [41, 42, 19]. Sites may
conduct related experiments independently and return results for comparison, or contribute successive
stages of preparation, processing, and measurement. Independent runs need records of method
versions and actual conditions to support comparison. Successive stages also require physical handover
records, including dispatch, preservation conditions, transport, and receipt of the intended sample.
We retain these relationships alongside task and result records so that the operating system can follow
progress across sites and respond to delays or failed handovers. Differences in calibration and local
methods remain relevant when interpreting the combined evidence.

5.4. Safety and Intervention

Safety requirements govern both admission of a task and its continued execution. The capability
description states operating limits, invocation permissions, interlock requirements, and supported
control actions. The local execution layer verifies the caller’s authorization and checks parameters,
resource occupancy, and equipment conditions before work begins. Local controllers maintain limits,
interlocks, and emergency protections during execution, while reporting changes that affect whether
a task can continue. Each laboratory also defines its response to communication loss. Some processes
may require continued temperature or environmental control, whereas others permit a controlled
shutdown. The operating system needs this policy to interpret an interruption and plan subsequent
actions.

Pause, stop, and recovery must be related to their physical effects. An acknowledgement of a pause
request is followed by confirmation of whether and where execution actually paused. Resumption
depends on the completed steps, equipment condition, sample location, and who currently controls
the equipment. Some operations can continue from a known point; others leave material that requires
a new experimental decision. Human intervention updates the same record, including any changes
to samples, settings, or control responsibility. The local system confirms that the revised conditions
permit recovery before remote execution resumes.

6. Laboratory Integration Cases

The following cases draw on efforts to build an autonomous laboratory network spanning chemistry,
materials science, and the life sciences. Figure 6 shows the experimental scenarios and their access
arrangements. We first examine access to experimental workflows and individual device functions,
then consider embodied execution and distributed wet-lab work. Together, these cases relate the
access levels and execution requirements in Sections 4 and 5 to existing experimental practice.

Workflow access. The photoresist-synthesis apparatus at Xiamen University and the electrocatalysis
equipment at Jiaxing University carry out comparatively fixed experimental workflows. The caller can
vary the exposed experimental parameters (e.g., reagent proportions and synthesis duration), while
the existing control program retains the internal steps and their order. An L1 interface can represent
each such procedure as a whole workflow, with the local system managing execution. Experiments on
solid oxide functional ceramic materials at the Shanghai Institute of Ceramics, Chinese Academy of
Sciences, provide another example of workflow-level access. Linking each run’s parameters, sample,
and result allows a scientific agent to compare experimental conditions and use the resulting evidence
to choose subsequent experiments.

Configurable workflows allow the caller to organize experimental steps. The intelligent synthesis
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Figure 6 | Laboratory integration scenarios and access arrangements. The nine cases span
chemistry, materials science, and the life sciences, including synthesis and materials optimization,
molecular biology, drug screening, and lipid nanoparticle formulation. They illustrate access to
established and configurable workflows, individual device functions, embodied operations, and
distributed wet-lab execution. The central schematic relates these cases to the access levels and
shared task, sample, and result records of SCP-Lab.

workstation at Fudan University allows callers to change the order of reagent addition, as well as select
wells, materials, and addition amounts. The OASIS drug-screening facility at Zhejiang University
organizes the use of drug plates, cell plates, and reagents through workflows and step parameters.
Although these facilities serve different experimental purposes, their configurable workflows illustrate
L2 access: the caller can organize the exposed steps, while each facility’s existing software handles
internal scheduling and execution. The protocol description must specify which steps and ordering
choices are available, so that a scientific agent can determine whether a proposed experiment fits the
facility’s control scope. Separately callable device functions can also participate in other experimental
workflows.

Device access and software integration. The molecular-biology integration project involving the
Shenzhen Institutes of Advanced Technology covers liquid-handling workstations, plate readers,
polymerase chain reaction (PCR) instruments, and other equipment types. Device calls follow the
operating procedures of each experiment. Encapsulated liquid transfer and plate reading illustrate
L3 access, while separately exposed aspiration and dispensing operations provide the finer control
described by L4. Coding agents generate control programs within the available device interfaces
and revise them using execution feedback. LabscriptAI provides a concrete example of this approach,
connecting script authoring to runtime control and bounded recovery [54]. Programs that have been
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Figure 7 | Design, execution, and feedback in LNP formulation at Lingang Laboratory. A scientific
agent proposes candidate formulations for experimental evaluation. A laboratory operating system
coordinates a mobile dual-arm robot and automated equipment through reagent preparation, sample
loading, LNP assembly and post-processing, and characterization. The resulting data return to the
agent to guide the next round of formulation design.

verified are organized into functions or workflows with stated parameters, execution conditions, and
results, allowing subsequent experiments to reuse the adaptation.

The iBiology Foundry (IB) at Zhejiang University illustrates how diverse device functions can be
assembled into experimental workflows. It provides equipment for cell culture, DNA preparation and
synthesis, genetic engineering, and characterization. Researchers select and combine the required
devices according to their experimental proposals, then adjust workflow code and parameters for
automated execution. This flexibility provides a basis for L2 access to configurable workflows, while
independently callable device functions can be described at L3. The protocol description should make
the available functions and permitted combinations explicit, so that a laboratory operating system
can organize experiments within the platform’s supported control scope. Validated combinations can
subsequently be offered as reusable workflows.

Embodied execution in LNP formulation. The lipid nanoparticle (LNP) formulation workflow
at Lingang Laboratory combines computational design with embodied operations and automated
equipment (Figure 7). A scientific agent uses computational models to propose candidate formulations
and predict their performance. A laboratory operating system then organizes the experimental tasks
across a mobile dual-arm robot and the available chemical equipment. The robot performs operations
such as pipetting, opening containers, and picking up or placing labware, while automated equipment
carries out established preparation procedures. These complementary capabilities allow different
parts of the same experiment to be assigned to the robot or to a dedicated device. Their coordination
requires explicit sample references and execution feedback: the operating system needs to know
which sample is ready and whether the next device can accept it. Experimental data return to the
scientific agent to inform the next round of formulation choices.
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Distributed protein directed evolution. The Cas12a directed-evolution workflow distributes wet-lab
work across Beijing, Suzhou, and Shanghai. An upstream scientific agent uses AMix for protein
design [55] and proposes candidate variants for experimental evaluation. The Beijing team performs
preliminary validation and complementary functional tests. The Suzhou node undertakes molecular
construction, sample preparation, and batch quality control, while the Shanghai wet-lab node uses
robotics for high-throughput validation and measurement of editing efficiency. A laboratory operating
system coordinates these experimental tasks and their data across sites. The main access requirement
is to preserve the relationship between a candidate, its prepared samples, and the results obtained at
different laboratories. Shared task and sample records allow each site to identify the material and
experimental context on which its work depends, while the combined results return to the scientific
agent for the next design iteration. The case therefore illustrates distributed experimental execution
and the information needed to connect its separate contributions.

Across these cases, established workflows preserve local process knowledge, separately callable
functions support new combinations, and embodied operations extend how equipment can participate
in an experiment. Cross-site work adds the need to connect tasks, samples, and results across
organizational boundaries. These practices provide a concrete basis for the protocol’s access levels
and shared execution records: the interface must express both the work being delegated and the
conditions needed for another operation or laboratory to continue it.

7. Discussion and Outlook

The five access levels give scientists, laboratory operators, and developers a shared vocabulary for
describing experimental control. This supports a common understanding of which decisions the
caller can make and which remain with the facility. An established workflow preserves local process
knowledge, whereas access to device functions or internal operations enables different combinations
of steps. The cases show how these interfaces can coexist, helping users choose a suitable scope of
control for routine procedures and exploratory experiments.

We seek interoperability that lets independently developed scientific agents and laboratory oper-
ating systems use the same published laboratory capabilities. An operating system should be able to
invoke a device function and interpret its feedback through the shared protocol, while a local adapter
handles the vendor-specific commands. SiLA 2 already defines laboratory command interfaces, and
LADS models devices, programs, and execution results [23, 24]. An adapter could connect these
interfaces to SCP-Lab while preserving their execution semantics and describing their exposed control
scope.

This interoperability offers a path for laboratories to build on one another’s integration work.
A published capability can be incorporated into another laboratory’s workflow when its operating
conditions meet the new task’s requirements. Verified adapters and workflow definitions can also
be reused with compatible equipment. Shared cases should therefore document how capabilities
were connected and what happened during execution. Records of successful runs, failed sample
handovers, and uncertain execution can inform later integrations when they include the relevant
observations and recovery decisions. Maintaining these descriptions and records as equipment or
procedures change would help reusable capabilities accumulate across the laboratory network.

Physical completion and scientific success require distinct evidence. A completed control program
does not by itself show that the intended sample state was reached, while a correctly executed
experiment may still yield an unfavorable scientific result. We propose combining controller records
with complementary observations, such as temperature or mass measurements and images, according
to the operation being assessed. The protocol should link these observations to the task and sample,
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recording their sources and times. The laboratory operating system can then assess whether to
continue or request inspection when observations are missing or disagree. Appropriate measurements
or assays remain necessary to evaluate the scientific outcome.

8. Conclusion

Laboratory integration brings together facilities that offer different kinds of experimental control.
The cases considered here show why established workflows, configurable processes, instrument
functions, and detailed operations can all be useful units of access. SCP-Lab organizes these choices
through five levels of control granularity and connects them to the conditions under which a task is
accepted, carried out, and interpreted. The protocol makes the division of responsibility between an
experimental coordinator and a facility explicit, while preserving the sample and result relationships
needed to connect their interactions.

The opportunity is to make this diversity usable within a common experimental process: to reduce
repeated integration work, broaden the experiments that available resources can support, and enable
collaboration across facilities and regions. Doing so calls for descriptions that explain what can be
requested, observations that support the claimed outcome, and coordination that respects the current
state of equipment and material. Existing standards and laboratory systems provide a foundation for
developing these practices. Continued work with participating facilities can refine the proposed levels
and show how capability descriptions, local execution, and scientific evidence remain connected as
autonomous experimentation extends across instruments and laboratories.
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A. Illustrative Protocol Examples

These examples illustrate three key aspects of SCP-Lab: capability discovery and device selection,
control of device functions at different access levels, and runtime task management. The runtime
example focuses on task identity, completion evidence, and interruption. Algorithms and Python-style
fragments use illustrative names and fields. Throughout, 𝑟 denotes a request, 𝑅 its task record with
state and execution evidence, 𝜋 an ordered operation sequence, and ⊥ no retained record.

A.1. Capability Discovery and Device Selection

Algorithm A.1. Select a device and submit a temperature-holding task
Input: Temperature-holding request 𝑟 with sample, settings, and request identifier
Output: Accepted task record 𝑅, or a rejection reason
1: 𝐶all ← DiscoverCapabilities() ⊲ Published capability offers and their devices
2: 𝐶fit ← FilterCompatible(𝐶all, 𝑟) ⊲ Match the sample and requested settings
3: if 𝐶fit = ∅ then return Reject("unsupported task")
4: 𝑐← Select(𝐶fit) ⊲ 𝑐: selected capability and its device
5: 𝑅← SubmitTask(𝑐, 𝑟) ⊲ Device validates, admits, and creates the record
6: return 𝑅

An agent plans to incubate plate P at 37 ◦C for 30 minutes before a measurement. It reads the
available devices’ published capabilities and selects a device that accepts the plate and supports the
requested temperature and duration. The agent then sends a temperature_hold request with the
plate identifier and these settings, as shown on the left of Code A.1. The device’s local software checks
the request and returns a task identifier upon acceptance. During execution, it reports the applied
settings and temperature readings under that task identifier, as illustrated on the right.
Code A.1. Requested settings and locally reported execution evidence.

Task request

request = {
"request_id": "hold-017",
"capability": "temperature_hold",
"sample_id": "plate-P",
"parameters": {

"temperature_degC": 37,
"duration_min": 30,

},
}

Execution record

record = {
"task_id": "task-042",
"request_id": "hold-017",
"state": "running",
"effective_parameters":

applied_parameters,
"observations": [

{"temperature_degC": T_observed,
"observed_at": timestamp,
"source": sensor_id},

],
}

applied_parameters contains the locally applied settings. T_observed is one temperature reading; timestamp and
sensor_id identify its time and source. This record illustrates one observation during execution.

In Algorithm A.1, 𝐶all contains the discovered offers, while 𝐶fit contains those compatible with the
request. SubmitTask groups the device-side checks: authorization, units, defaults, parameter limits,
sample compatibility, and resource availability. Accepted work receives a task record retaining the
original request, capability version, and effective settings; rejected work receives a reason. Acceptance
precedes execution. Completion requires a temperature trace supporting the 30-minute hold within
the declared tolerance. The agent uses that evidence and current plate and equipment conditions
to schedule the measurement.
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Algorithm A.2. Execute within the control scope offered by the interface
Input: L3 or L4 capability 𝑐; transfer request 𝑟; agent-selected sequence 𝜋𝐴 at L4
Output: Task record 𝑅 with feedback and outcome, or a rejection reason
1: if 𝑐.level = L3 then ⊲ 𝑐.level: published access level
2: 𝜋← LocalExpand(𝑐, 𝑟) ⊲ Device defines the internal procedure
3: else
4: 𝜋← 𝜋𝐴 ⊲ L4: agent chooses the order and repetitions
5: end if
6: 𝑅← ValidateAndAdmit(𝑐, 𝜋) ⊲ Check the plan and reserve resources
7: if 𝑅.state ≠ Accepted then return 𝑅

8: for each operation 𝑜 in 𝜋, in order do
9: 𝑅← ExecuteAndRecord(𝑅, 𝑜) ⊲ Retain feedback and the last confirmed operation

10: if ¬ LastStepComplete(𝑅) then break
11: end for
12: return AssessOutcome(𝑅, 𝑐.completion) ⊲ Use the declared completion condition

A.2. Control Granularity at L3 and L4

For a liquid-handling task, an agent needs to transfer 50 𝜇L from well A1 to well B1. Through an L3
interface, it calls transfer with the source, destination, and volume, and the liquid handler carries
out its predefined procedure. Through an L4 interface, the agent can choose and arrange individual
operations. Code A.2 contrasts the function call with a sequence in which the agent picks up a tip,
aspirates, dispenses, mixes the destination three times, and drops the tip. Volumes are expressed in
microliters, as declared by the corresponding capability.
Code A.2. Agent control through a function call or a sequence of operations.

L3 Predefined function

transfer(
source="A1",
destination="B1",
volume_uL=50,

)

L4 Configurable operations

pick_up_tip()
aspirate("A1", 50)
dispense("B1", 50)
mix("B1", 50, repeat=3)
drop_tip()

In Algorithm A.2, 𝜋 is the plan selected for execution. At L3, LocalExpand supplies the device’s
predefined procedure, which may contain repeated steps. At L4, 𝜋 is the agent’s sequence 𝜋𝐴, such
as the one in Code A.2. ValidateAndAdmit checks operations, order, parameter limits, sample
compatibility, and local resource conditions. If these requirements are met, the device accepts the
plan and proceeds to execution; otherwise, it returns a record identifying the unmet requirement.
ExecuteAndRecord returns when an operation completes, is interrupted, or its outcome becomes
uncertain; an incomplete operation prevents further steps. The final assessment follows the evidence
checks illustrated in Algorithm A.3. The same device can expose both interfaces.

The agent can also combine a transfer on a liquid handler, a hold in an incubator, and a measurement
on a plate reader. Invoking these L3 functions as part of an experimental plan preserves each function’s
access level. If a laboratory publishes the entire workflow as one capability, a fixed sequence is L1,
while allowing the agent to select and arrange its exposed stages makes it L2. L4 concerns the
operations within a device function, such as the liquid-handling sequence above; L5 concerns directly
exposed motion or actuation.
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Algorithm A.3. Recover task identity and assess the reported outcome
Input: Original request 𝑟 with unchanged identifier and content; completion condition 𝑄

Output: Refreshed task record 𝑅 with reported outcome, or a reconciliation reason
1: 𝑅← RecoverTask(𝑟) ⊲ Look up the original task record
2: if 𝑅 = ⊥ then return "reconciliation required"
3: 𝑅← RefreshRecord(𝑅) ⊲ Feedback, last confirmed operation, current conditions
4: if InProgress(𝑅) then return 𝑅 ⊲ Preserve a confirmed active state
5: if EvidenceSupports(𝑅, 𝑄) then
6: 𝑅.state← Succeeded
7: else if FailureConfirmed(𝑅) then
8: 𝑅.state← Failed
9: else if StopConfirmed(𝑅) then

10: 𝑅.state← Stopped
11: else
12: 𝑅.state← Unresolved
13: end if
14: return 𝑅

A.3. Runtime Task Management

Suppose the agent sends the liquid-transfer request, but its connection drops before the acceptance
response arrives. The liquid handler may already be transferring the liquid. The agent resends the
unchanged request with its original identifier. The local software uses that identifier to find the
previously accepted task and returns its existing task identifier, allowing the agent to query whether
the transfer is still running, has completed, or was interrupted. In Code A.3, transfer_request
denotes that unchanged request, including its identifier and transfer parameters. The fragment
illustrates how a retry refers to the same task, followed by a cancellation request and a query for the
outcome.

Code A.3. Retain task identity across retries and query the effect of an intervention.

first = submit(transfer_request)
retry = submit(transfer_request) # Same identifier and content
assert retry.task_id == first.task_id

cancel(first.task_id) # Request a stop
record = query(first.task_id) # Inspect state and supporting evidence

If the agent requests a stop during dispensing, the acknowledgement confirms receipt of that request.
The transfer may finish before the stop takes effect; an interrupted transfer may leave liquid in
the tip and require local recovery. In Algorithm A.3, RefreshRecord retains observations, the last
confirmed operation, and current sample and device conditions. EvidenceSupports checks those
observations against 𝑄, while StopConfirmed requires feedback that execution actually stopped.
The agent uses the record to decide what work can proceed. Equipment release separately requires
confirmed readiness for further use.

The service specifies where request identifiers must be unique and how long it retains their association
with tasks. While that association is retained, an unchanged retry within the same identifier scope
returns the original task identifier without creating a second task. This does not guarantee exactly-
once physical execution. Reusing an identifier with changed content is rejected; a missing association
requires reconciliation before new execution when earlier acceptance remains possible. Recovery
checks retained records against device feedback, preserving uncertainty when evidence is missing or
stale. The agent can then establish the conditions needed for further work. A confirmed task outcome
records physical execution; interpreting its experimental significance remains a separate step.
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