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This study proposes a human-in-the-loop framework that integrates operator observations into a large language model (LLM)
to control process parameters for defect handling in fused deposition modeling (FDM) 3D printing. Fully autonomous LLM-
based control handles ambiguous sensor data poorly and cannot detect abnormal conditions that lie beyond the installed
sensors. Operator observations may compensate for these limitations, but their actual impact on LLM decision-making has not
been sufficiently validated. We therefore implemented the proposed framework and defined experimental scenarios involving
erroneous parameter injection and environmental disturbances. The framework was evaluated in terms of LLM response
quality and print quality. The LLM achieved over 80% response quality on the defined evaluation metrics and generated
appropriate parameter adjustments, improving print quality by more than 55% on average. Comparative experiments further
revealed that, without operator observations, the LLM sometimes failed to recognize defects. These findings demonstrate the
effectiveness of human—LLM collaboration and provide a practical foundation for intelligent FDM process control.
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Fig. 1 Overview of a real-time FDM process parameter control framework integrating human operator and large language model (LLM)

collaboration. The framework consists of three main components: (a) Physical system (3D printer and RGB camera), (b) Control engine

(LLM inference, G-code sender, camera capture, Ul input listener, and state broadcast threads), and (c) User interface for real-time

monitoring and operator interaction
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Fig. 2 LLM-based decision process design. During the FDM process, the LLM receives user prompts (user input, current process parameter
state, latest process images, recent dialogue history) and a system prompt (role definition, printer specification, core directives, allowed
parameters, rules for edge cases, output schema) to decide whether to maintain or adjust process parameters. If additional information is
required, the LLM retrieves relevant data from an external knowledge base via RAG (retrieval-augmented generation)
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Fig. 3 Experiment setup and specimens’ geometry. (a) Hardware setup, (b) Specimens’ geometry
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Table 2 Print quality comparison before and after system application

: With system
Case Scenario Metric Without : Y Improveoment
system Trial Mean + SD rate [%]
. N 0.51
Fastprint speed  cight deviation 1.93 0.65 0.61 % 0.08 69.95
[mm]
0.66
. 7.66
1 Low flow rate Surface void 16.50 8.79 758+ 126 54.06
%] 6.28
o 037
Low bed temperature  \ aPing height 1.29 0.28 0.33 +0.05 74.42
[mm]
0.33
o 0.75
Wind disturbance " &Ping height 1.83 0.84 1.03 £ 0.40 4372
[mm]
1.49
2 0.70
Vibration disturbance -2YCr Shift distance 1.0 0.60 0.65 + 0.05 35.00
[mm] 0.70
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Surface Void (16.50%)

Pixel Classification

Green (Filament)
9
W Green (Filament) 83.5%
I Black (Void)
Background (Removed)

(@

Surface Void (8.79%)

Black (Void)
8.8%

Pixel Classification

B Green (Filament)
B Black (Void)
Background (Removed)

Green (Filament)
91.2%

©

Black (Void)
16.5%

Surface Void (7.66%)

Black (Void)
7.7%

Pixel Classification

W Green (Filament)
W Black (Void)
Background (Removed)

Green (Filament)
92.3%

(b)
Surface Void (6.28%)

Black (Void)
6.3%

Pixel Classification

Green (Filament)
B Green (Filament) 93.7%
B Black (Void)
Background (Removed)

(d)

Fig. 4 Surface void of 3D-printed parts in the Low Flow Rate scenario. (a) Without system (16.50%) and (b)-(d) With system (7.66, 8.79, and

6.28%)
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Role Definition

You are an expert in FDM 3D printing process diagnosis and adaptive control.

Printer Specification

Printer specification:

Printer Model: Creality Ender-3 v3 SE 3D Printer
Nozzle Diameter: 1.0 mm

Filament: PLA (1.75 mm)

Core Directives

Your decision MUST be based on:

- Visible evidence in the images provided.

- The provided current printer_state.

- The human comment (Note: comments may be incomplete or incorrect. Use to guide closer image inspection, NOT as standalone evidence).

* Exception: If the human explicitly requests optimization (e.g., faster printing, better quality), you may adjust parameters even if no defect is visible.
* If evidence is insufficient, choose decision="continue" with empty param_updates.

Allowed Parameters

You are strictly limited to updating the following parameters within their ranges.

IMPORTANT:

- print_speed_scale and flow_scale are SCALE FACTORS applied to fixed BASE values defined before the printing process begins.
- The final parameter value is computed as: final_value = base_value x scale.

- nozzle_temp_delta, bed_temp_delta, and fan_speed_delta are RELATIVE adjustments added to the current machine settings.

Parameters:

- print_speed_scale (float): [0.70, 1.30]
Scale factor applied to the base printing speed.

- flow_scale (float): [0.80, 1.20]
Scale factor applied to the base extrusion flow.

- nozzle_temp_delta (int): [-5, 5]
Adjustmentadded to the current nozzle temperature.
- bed_temp_delta (int): [-5, 5]
Adjustmentadded to the current bed temperature.

- fan_speed_delta (int): [-40, 40]
Adjustmentadded to the current fan speed. Do NOT adjust when current_layer <= 1; keep fan speed at 0 for bed adhesion.

* SAFETY RULE: Do NOT invent new parameters under any circumstances.

Rules for Edge Cases

- Conflict Resolution: If multiple defects require conflicting parameter adjustments, prioritize the defect that affects structural integrity or is most urgent.
- Question Handling: If the human commentis a general question or informational request
(not requiring process control), treat it as a question. Set decision="continue", param_updates={{}}, and provide a concise answer in the "reason" field (max 200 chars).
- Tool Usage: If you lack the specific 3D printing knowledge to diagnose the issue, use the "search_3d_printing_knowledge' tool FIRST before generating your final
response.

Output Schema

You must output STRICT JSON matching the schema below.
You MUST wrap the JSON in a markdown code block (e.g., "““json\n...\n"""). Do not include any other text inside the block.

"json
{(
"decision": "continue” | "adjust”,
"param_updates": {{
"<param_name>": <value>
I3

"reason": "Brief technical reasoning referencing images/comment/state/knowledge (max 200 chars)"

P

Fig. A1 Components of the system prompt. From top to bottom, the sections represent (a) Role definition, (b) Printer specification, (c) Core
directives, (d) Allowed parameters, () Rules for edge cases, (f) Output schema

No

LLM Query Generation|__|Cosine Similarity Search LLM Re-Inference

Yes Auto-generated from input Top 3 documents retrieved Input + Retrieved Docs

LLM Inference Flow LLM Inference

i
!

Knowledge Base
Construction

Embedding

Fig. A2 Flowchart of the RAG module: LLM Inference flow (top) and knowledge base construction (bottom)
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Defect Knowledge Document Example
Defect: Layer Shift

Visual Pattern:
Sudden horizontal offset or distinct misalignment between consecutive printed layers.

Physics & Root Cause:
This occurs when the print head moves faster than the stepper motors can physically handle. High inertia or mechanicalresistance causes the motors to skip steps, permanently

shifting the coordinate system.

Adaptive Control Strategy:
- Target Parameter: Decrease "print_speed_scale’.
- Adjustment Logic: Reduce the speed scale proportional to the severity of the shift to lower mechanical stress and inertia. Check current speed; if it's already very low, mechanical

inspectionis required.

(a)

Material Knowledge Document Example
Material Knowledge: PLA (Polylactic Acid)

Properties:
PLA is a standard thermoplastic that is generally easy to print and less prone to severe warping compared to ABS. The typical nozzle temperature ranges from 190°C to 230°C,

depending on the specific blend (e.g., standard, PLA+, or high-speed PLA).

Thermal Dynamics:
Because of its low thermal resistance, PLA requires excellent part cooling (high fan speeds) to solidify correctly and maintain sharp features. If printed at excessively high

temperatures, it becomes very prone to stringing and oozing.

(b)

Process Parameter Knowledge Document Example

Parameter: Flow Scale (‘flow_scale’)

Definition:
A volumetric multiplier for the extruder motor.

Physical Impact:
Directly alters the volume of plastic pushed through the nozzle. Use this primarily to correct visible volumetric mismatches such as over-extrusion (decrease flow) or under-

extrusion (increase flow).

(©)

Fig. A3 Examples of knowledge base documents used in this study. From top to bottom, the sections represent (a) Defect knowledge document
example of layer shift, (b) Material knowledge document example of PLA, (c) Process parameter knowledge document example of

flow scale

Table A1 Experimental scenarios for a framework evaluation. Case 1 represents incorrect process parameter settings and Case 2 represents
environment disturbances during printing, with multiple scenarios defined per case

Case Description Scenario Induced condition
Fast print speed Print speed scale: 2.0
1 Incorrect process parameter settings Low flow rate Flow rate scale: 0.7
Low bed temperature Bed temperature: 30°C
) ) Wind disturbance Airflow disturbance via electric fan
2 Environmental disturbances — —— - -
Vibration disturbance Vibration disturbance via mechanical actuator

Table A2 Scenario-wise worker comments

Scenario Comment
Fast print speed The printed shape looks distorted. Please check the status and adjust parameters if there is a problem.
Low flow rate The amount of filament being extruded looks inconsistent. Please check the status and adjust parameters if there is a problem.
Low bed temperature I touched the bed and it feels barely warm. Please check the status and adjust parameters if there is a problem.
Wind disturbance Strong airflow is entering due to ventilation. Please adjust parameters if there is a problem.
Vibration disturbance The printer is vibrating due to nearby machinery. Please adjust parameters if there is a problem.

Direction Accuracy= 2JAFE% 2] 2t =F 751, Response A7. LLM ST Z& FIIE flgt AlLE|2-53 B 0iE
Latency= AA7F AL 7HaAdS Tdshy] Qs A 22 AN Table Adi= 7} A3 AlUE|QoflA] 7diE= 578 WM 24
L ok Aefgttt. ol 7]%Oi LLMo| 243t M40} ko
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Table A3 LLM response quality evaluation metrics

Metric Definition

Measurement

Detection rate .
parameter adjustment command

Proportion of cases where the LLM generates a

Number of cases with adjustment commands

Total number of cases

Target adjustment rate
g ! correct target parameter

Proportion of cases where the LLM adjusts the

Number of cases with correct target parameter adjustments

Total number of cases

Direction accuracy

Proportion of cases where the correct-direction
target parameter adjustment is made

Number of correct direction adjustments

Total number of cases

Response latency

Time elapsed from user input to LLM response

Timestamp difference between user input and LLM response

Table A4 expected parameter adjustments per scenario for LLM response evaluation

Scenario

Target parameter

Adjustment direction

Fast print speed Print speed scale Decrease
Low flow rate Flow scale Increase
Low bed temperature Bed temperature delta Increase
Wind disturbance Fan speed delta Decrease
Vibration disturbance Print speed scale Decrease

Table A5 Print quality evaluation metrics

Metric

Applicablescenario

Measurement instrument

Surface void [%]

Low flow rate

Image analysis

Warping height [mm]

Low bed temperature, wind disturbance

Digital caliper

Height deviation [mm)]

Fast print speed

Digital caliper

Layer shift distance [mm]

Vibration disturbance

Image analysis

A Ao P g NS
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gom, ojulx B4 2 Bela 242 Fof H WsE B}
3l

A9. LLM SEH F& Hot Axt
Table A6 7} LLM H29] $5 3 37} A3E yehdct.
F29] Al oA &2 4dsS Hou, Wind Disturbance
AlgE] oA = 7F s zfo] 7t gelEct.
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Table A6 LLM response quality evaluation results

Model Scenario Detection rate Target adjustment rate ~ Direction accuracy Latency mean + SD [s]
Fast print speed 100% (3/3) 100% (3/3) 100% (3/3) 7.40 £2.36
Low flow rate 100% (3/3) 100% (3/3) 100% (3/3) 4.72 £ 1.46
Low bed temperature 100% (3/3) 100% (3/3) 100% (3/3) 4.14 £ 0.32
Claude Opus 4.6 —
Wind disturbance 100% (3/3) 100% (3/3) 100% (3/3) 10.41 £ 2.05
Vibration disturbance 100% (3/3) 100% (3/3) 100% (3/3) 8.63 £ 135
Total 100% (15/15) 100% (15/15) 100% (15/15) 7.06 £ 0.78
Fast print speed 100% (3/3) 100% (3/3) 100% (3/3) 10.35 £ 0.58
Low flow rate 100% (3/3) 100% (3/3) 100% (3/3) 7.55 £ 0.05
o . Low bed temperature 100% (3/3) 100% (3/3) 100% (3/3) 1042 £2.40
Gemini 3.1 Pro Preview
Wind disturbance 33.3% (1/3) 33.3% (1/3) 33.3% (1/3) 995 +224
Vibration disturbance 100% (3/3) 100% (3/3) 100% (3/3) 8.87 £ 133
Total 86.7% (13/15) 86.7% (13/15) 86.7% (13/15) 9.42 +1.02
Fast print speed 100% (3/3) 100% (3/3) 100% (3/3) 3.76 £ 0.65
Low flow rate 100% (3/3) 100% (3/3) 100% (3/3) 3.55 +£0.20
GPT54 Low bed temperature 100% (3/3) 100% (3/3) 100% (3/3) 371 £0.95
Wind disturbance 100% (3/3) 100% (3/3) 100% (3/3) 3.22 £ 040
Vibration disturbance 100% (3/3) 100% (3/3) 100% (3/3) 3.68 £ 1.39
Total 100% (15/15) 100% (15/15) 100% (15/15) 3.58 £ 0.47

Table A7 LLM API cost comparison (Input/output pricing per 1M tokens)

Model Input Output
Gemini 3.1 $2.00 (< 200k) $12.00 (< 200k)
Pro Preview $4.00 (> 200k) $18.00 (> 200k)
Claude
Opus 4.6 $5.00 $25.00
GPT-5.4 $2.50 $15.00

Human Instruction: ~—Za
Strong airflow is entering due to ventilation. Please adjust parameters if
there is a problem.

LLM Response — Gemini 3.1 Pro Preview:

"decision": "continue",

"param_updates": {},

"reason”: "No visible defects currently despite the strong airflow. The
print is adhering well. Continuing with current settings, but monitor for
any signs of warping or under-extrusion."

(a)

Human Instruction:
Strong airflow is entering due to ventilation. Please adjust parameters if
there is a problem.

LLM Response — GPT-5.4:

"decision": "adjust",

"param_updates": {"bed_temp_delta": 5, "fan_speed_delta": -40,
“"print_speed_scale": 0.9},

"reason": "Early layers show a thin line/weak adhesion risk; strong
ventilation can cool PLA and lift edges. Raise bed temp, cut fan, and
slow slightly to improve bonding."

GPT-5.4 Input Image

(b)

Fig. A4 Comparison of LLM responses and human annotations under a wind disturbance condition. (a) Gemini 3.1 Pro Preview continues
printing without parameter adjustment, despite the human annotator identifying an anomaly in the print region. (b) GPT-5.4 applies
parameter adjustments (bed temp: +5, fan speed: -40, print speed: x0.9) citing weak adhesion risk due to strong ventilation
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(d)

Fig. A5 Measured height of 3D-printed parts under fast print speed scenario: (a) Without system (6.73 mm) and (b)-(d) With system (5.31,
5.45, and 4.14 mm)

Fig. A6 Warping height of 3D-printed parts under low bed temperature scenario: (a) Without system (1.29 mm) and (b)-(d) With system (0.37,
0.28, and 0.33 mm)
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Fig. A7 Warping height of 3D-printed parts under wind disturbance scenario: (a) Without system (1.83 mm) and (b)-(d) With system (0.75,

0.84, and 1.49 mm)

T

(@

Without System
With System
With System

With System

(b)

Fig. A8 Layer shift distance of 3D-printed parts under Vibration Disturbance scenario: (a) Overall view of printed samples, and (b) Measured
layer shift distances. The top sample corresponds to the case without the system (1.0 mm), while the lower samples correspond to cases

with the system (0.7, 0.6, and 0.7 mm)
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Human Instruction:

LLM Response — GPT-5.4:

"decision": "continue”,

"param_updates": {},

"reason": "Image shows small PLA print adhering to bed on layer 3 with no clear under/over-extrusion, lifting, or
severe stringing. No visible defect justifies changing settings."

Human Instruction:
Rattling noise is heard during movement. Please describe any defects and adjust parameters if there is a problem.

| LLM Response — GPT-5.4:
"decision": "adjust",
“param_updates": {'print_speed_scale": 0.7, ‘flow_scale": 0.9},
": "Image shows early layers printing without clear extrusion defect. Comment reports rattling during
movement; current speed scale is excessive, so reduce speed to lower vibration/ringing risk."

@

Human Instruction:
LLM Response — GPT-5.4:

"decision": "adjust",

" | "param_updates": {'flow_scale': 0.8, 'print_speed_scale" 0.9},

"reason”: "Image shows sparse/patchy extrusion on layer 3, indicating under-extrusion. Current flow_scale is very low
at 0.7; raise flow and slow slightly to stabilize deposition."

Human Instruction:

The amount of filament being extruded looks inconsistent. Please describe any defects and adjust parameters if there
is a problem.

LLM Response — GPT-5.4:

"decision": "adjust",

"param_updates": {'flow_scale': 0.85, 'print_speed_scale" 0.9, 'nozzle_temp_delta": 5, 'fan_speed_delta": -40},
"reason”: "Image shows thin, patchy lines and poor top fill on layer 3, consistent with under-extrusion. Current flow 0.7
is very low; raise flow/temp, slow slightly, reduce cooling."

(b)

Human Instruction:

LLM Response — GPT-5.4:

"decision": “continue”,

“"param_updates": {},

“reason”: "Image shows small PLA patch on bed with no clear defect; adhesion appears adequate at layer 3.
Evidence insufficient for a safe parameter change."

Human Instruction:
| touched the bed and it feels barely warm. Please describe any defects and adjust parameters if there is a problem.

LLM Response — GPT-5.4:

"decision": "adjust",

"param_updates": {'bed_temp_delta": 5},

"reason": "Image shows early layers still attached with no clear defect, but bed is only 30C at layer 3 and user reports
barely warm bed; raise bed temp to improve PLA adhesion margin."

(©)

| [Human Instruction:
LLM Response — GPT-5.4:

"decision": “continue”,

"param_updates": {},

“reason”: "Early layers look adhered and extrusion appears consistent. No clear defect visible in image/state;
insufficient evidence for a safe parameter change."

Human Instruction:
Airflow is entering due to ventilation. Please describe any defects and adjust parameters if there is a problem.

LLM Response — GPT-5.4:

"decision": "adjust",

"param_updates": {'fan_speed_delta": -40, 'bed_temp_delta" 5, 'nozzle_temp_delta": 5, 'print_speed_scale": 0.9},
"reason”: "Layer 3 shows narrow bead with weak first-track adhesion/lifting risk, consistent with draft cooling. Reduce
fan, raise bed/nozzle temp, and slow slightly."

(d)

Human Instruction:
LLM Response — GPT-5.4:

"decision": "adjust",

"param_updates": {'print_speed_scale": 0.9, 'flow_scale": 0.9, 'fan_speed_delta": 20},

"reason": "Image shows early-layer blob/flattened loop near nozzle, consistent with over-extrusion and poor cooling
on layer 3; slightly reduce speed/flow and increase fan."

Human Instruction:

The printer is vibrating due to nearby machinery. Please describe any defects and adjust parameters if there is a
problem.

LLM Response — GPT-5.4:

"decision": "adjust",

"param_updates": {'print_speed_scale": 0.85},

"reason": "Image shows smeared/offset early layers near nozzle, consistent with motion disturbance. Comment notes
vibration; slowing print reduces inertial error and improves layer placement.”

©

Fig. A9 Comparison of GPT-5.4 responses with and without user observational context for each scenario. blue boxes represent logs without
observational input; yellow boxes represent logs with observational input provided. (a) Fast print speed, (b) Low flow rate, (c) Low
bed temperature, (d) Wind disturbance, (e) Vibration disturbance
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