Supplementary Methods
Operational definitions of objective performance outcomes
Enucleation time was defined as the interval from the first incision of the prostatic urethral mucosa adjacent to the verumontanum to complete detachment of the adenoma from the surgical capsule. Time spent on vascular management and laser hemostasis during enucleation was included in the total enucleation time.
Enucleation efficiency was calculated as the prespecified adenoma mass (60 g) divided by enucleation time (min) and expressed as g/min. Because adenoma mass was fixed at 60 g for all models, enucleation efficiency was mathematically dependent on enucleation time and was therefore treated as a derived performance measure rather than as independent evidence supporting known-groups discrimination.
Time for vascular management and laser hemostasis was defined as the interval from endoscopic identification of a vessel requiring treatment to completion of laser transection and sealing, with no continuous simulated blood flow visible from the vascular stump. When multiple vessels were treated, the individual intervals were summed to obtain the total time for vascular management and laser hemostasis for each participant.
Capsular perforation was defined as full-thickness disruption of the simulated surgical capsule caused by laser or instrument manipulation. It was assessed after the procedure by inspection of the outer capsule for visible tears, perforations, or structural defects.
Verumontanum injury was defined as visible structural damage, tissue loss, or marked deformation of the simulated verumontanum caused by laser cutting or blunt sheath dissection.
External urethral sphincter injury was defined as visible tissue damage or structural loss of the simulated external urethral sphincter caused by direct laser or mechanical injury during the procedure.
Simulated procedural success was defined as complete en bloc enucleation of the adenoma without capsular perforation, verumontanum injury, or external urethral sphincter injury.
Supplementary Table S1. Additional baseline characteristics of participating urologists.
	Less-experienced (n=6)            Experts (n=6)            Total (n=12)

	Educational level, n (%)

	Doctoral degree
	3 (50%)
	3 (50%)
	6 (50%)

	Master's degree
	3 (50%)
	0 (0%)
	3 (25%)

	Bachelor's degree
	0 (0%)
	3 (50%)
	3 (25%)

	Handedness, n (%)

	Left-handed
	0 (0%)
	0 (0%)
	0 (0%)

	Right-handed
	6 (100%)
	6 (100%)
	12 (100%)

	Video-game use, h/wk

	0
	1 (16.7%)
	4 (66.7%)
	5 (41.7%)

	1-5
	2 (33.3%)
	2 (33.3%)
	4 (33.3%)

	6-10
	2 (33.3%)
	0 (0%)
	2 (16.7%)

	>11
	1 (16.7%)
	0 (0%)
	1 (8.3%)

	Plays a musical instrument

	Yes
	2 (33.3%)
	1 (16.7%)
	3 (25%)

	No
	4 (66.7%)
	5 (83.3%)
	9 (75%)

	Participation in competitive sports within the past 5 years

	Yes
	4 (66.7%)
	3 (50%)
	7 (58.3%)

	No
	2 (33.3%)
	3 (50%)
	5 (41.7%)



Supplementary Table S2. Face-validity assessment of the Simulator.
	Assessment item
	Median (Q1-Q3)

	Visual realism

	1. Size and proportion
	6.00 (5.00-6.00)

	2. Surface texture and detail
	5.00 (4.00–5.00）

	3. Color
	5.00 (4.75-6.00）

	4. Endoscopic appearance
	5.50 (4.75-6.00)

	Anatomical realism

	1. Bladder neck
	5.00 (4.00-5.25)

	2. Verumontanum
	5.00 (4.00-5.25)

	3. Adhesion and identifiable plane between the prostatic capsule and adenoma
	5.50 (4.75-6.00)

	4. Bilateral lobes
	6.00 (5.75-7.00)

	5. Groove between the lateral lobe and verumontanum
	6.00 (5.00-6.25)

	6. Slit-like urethra
	5.00 (4.00-5.25)

	7. Median-lobe protrusion into the bladder
	3.00 (2.75-4.00)

	8. External urethral sphincter
	6.00 (5.00-6.25)

	9. Vessels
	5.00 (4.00–5.00）

	10. Bladder
	5.50 (4.75-6.00)

	11. Periprostatic adipose tissue
	6.50 (6.00-7.00)

	Mechanical realism

	1. Simulated blood flow
	6.00 (5.00-6.25)

	2. Bladder-wall contraction
	6.00 (5.00-6.00)

	3. External urethral sphincter contraction
	6.00 (5.00-6.00)

	4. Urethral material
	6.00 (5.00-6.25)

	5. Verumontanum material
	5.50 (4.75-6.00)

	6. Prostatic capsule material
	5.50 (4.75-6.00)

	7. Vascular material
	5.00 (4.00–5.00）

	8. Prostatic adenoma material
	5.50 (5.00-6.00)

	9. Enucleation/cutting
	5.00 (4.00–5.00）

	10. External urethral sphincter material
	5.50 (4.75-6.00)

	11. Hemostasis
	5.00 (4.00–5.00）

	Overall

	1. Overall realism
	5.50 (5.00-6.00)

	2. Realism of technical difficulty
	3.00 (2.00-3.25)



Supplementary Table S3. Educational-function assessment and content-validity analysis of the TUEP  Simulator.
.
	Educational assessment item
	Score
Median (Q1-Q3)
	Experts rating item as relevant
n/6
	I-CVI

	1. Use of surgical instruments
	6.00 (5.00–6.00)
	6/6
	1.00

	2. Safe scope insertion and anatomical landmark identification
	6.00 (5.00–6.25)
	6/6
	1.00

	3. Blunt dissection and laser cutting
	5.00 (4.00–5.25)
	6/6
	1.00

	4. Maintenance of the endoscopic field
	5.50 (5.00–6.00)
	6/6
	1.00

	5. Hemostasis
	5.00 (4.00–5.25)
	6/6
	1.00

	6. Haptic feedback
	6.00 (5.75–7.00)
	6/6
	1.00

	7. Measurement and assessment of learning outcomes and procedural quality
	6.50 (6.00–7.00)
	6/6
	1.00

	8. Overall educational applicability
	5.50 (5.00–6.00)
	6/6
	1.00

	S-CVI/Ave
	—
	—
	1.00

	S-CVI/UA
	—
	—
	1.00



Supplementary Table S4. Comparison of task workload between the less-experienced and expert groups
	Dimension
	Less-experienced group (n=6)
Median (Q1-Q3)
	Expert group (n=6)
Median (Q1-Q3)
	P value

	Mental demand
	5.00 (3.75-7.75)
	4.50 (3.00-5.00)
	0.276

	Physical demand
	6.00 (4.00-8.50)
	4.00 (1.00-4.25)
	0.030

	Temporal demand
	8.00 (4.50-11.00)
	2.00 (1.00-5.00)
	0.015

	Performance
	11.00 (5.75-12.00)
	3.00 (1.75-5.25）
	0.009

	Effort
	8.00 (3.75–10.50）
	3.00 (2.00–3.75）
	0.018

	Frustration
	7.50 (4.50-10.50)
	5.00 (2.00-6.00)
	0.076

	Technical difficulty
	9.00 (4.75-12.00)
	4.00 (1.00-5.00）
	0.022

	Psychological interference
	7.00 (3.75-10.00)
	3.00 (2.00-6.00）
	0.050





Appendix S1. TUEP Simulator Realism Questionnaire (Adapted from the SRS)
Participant ID: __________    Date: __________
Please rate each item based on your simulation experience. A 7-point Likert scale is used: 1 = strongly disagree, 2 = disagree, 3 = somewhat disagree, 4 = neutral, 5 = somewhat agree, 6 = agree, and 7 = strongly agree. Select N/A if an item is not applicable.
	Domain
	No.
	Assessment item
	1
	2
	3
	4
	5
	6
	7
	N/A

	Visual realism
	1
	The simulator has accurate size and proportions compared with a real hyperplastic prostate.
	□
	□
	□
	□
	□
	□
	□
	□

	
	2
	The simulator has realistic surface texture and detail that reflect the characteristics of a real prostate.
	□
	□
	□
	□
	□
	□
	□
	□

	
	3
	The simulator has a natural color consistent with that of a real prostate.
	□
	□
	□
	□
	□
	□
	□
	□

	
	4
	The endoscopic appearance of the simulator is realistic and consistent with that observed during real surgery.
	□
	□
	□
	□
	□
	□
	□
	□

	Anatomical realism
	1
	Bladder neck: There is a clear boundary at the bladder-prostate junction, consistent with real anatomy.
	□
	□
	□
	□
	□
	□
	□
	□

	
	2
	Verumontanum: A spindle-shaped elevation is present parallel to the urethra in the mid-prostatic urethra near the external sphincter.
	□
	□
	□
	□
	□
	□
	□
	□

	
	3
	The prostatic capsule surrounds the adenoma, with an easily identifiable anatomical plane between them.
	□
	□
	□
	□
	□
	□
	□
	□

	
	4
	The left and right adenomatous lobes can be identified and are consistent with real anatomy.
	□
	□
	□
	□
	□
	□
	□
	□

	
	5
	Grooves are present between the left/right lateral lobes and the verumontanum, allowing incisions to be made on both sides of the verumontanum.
	□
	□
	□
	□
	□
	□
	□
	□

	
	6
	The bilateral adenomatous lobes protrude and compress the urethra, forming a slit-like narrowed channel.
	□
	□
	□
	□
	□
	□
	□
	□

	
	7
	The median adenomatous lobe protrudes into the bladder.
	□
	□
	□
	□
	□
	□
	□
	□

	
	8
	The external urethral sphincter is adjacent to the prostatic apex and surrounds the urethra.
	□
	□
	□
	□
	□
	□
	□
	□

	
	9
	The prostatic arteries enter the gland from the base and form several branches.
	□
	□
	□
	□
	□
	□
	□
	□

	
	10
	The prostate and bladder can be distinguished endoscopically, and the bladder provides sufficient space for irrigation fluid and the enucleated adenoma.
	□
	□
	□
	□
	□
	□
	□
	□

	
	11
	The prostatic capsule is surrounded by yellow simulated adipose tissue.
	□
	□
	□
	□
	□
	□
	□
	□

	Mechanical realism
	1
	Simulated blood flow passes through the prostatic arteries and can be supplied continuously.
	□
	□
	□
	□
	□
	□
	□
	□

	
	2
	To simulate voiding, the bladder wall can contract and exert pressure on the fluid inside.
	□
	□
	□
	□
	□
	□
	□
	□

	
	3
	To simulate the storage phase, the external urethral sphincter can contract and compress the urethra.
	□
	□
	□
	□
	□
	□
	□
	□

	
	4
	The tensile strength and elasticity of the urethral material are sufficient for enucleation using a 26-Fr resectoscope.
	□
	□
	□
	□
	□
	□
	□
	□

	
	5
	The verumontanum can be damaged by laser exposure or inappropriate blunt dissection.
	□
	□
	□
	□
	□
	□
	□
	□

	
	6
	The tensile strength and elasticity of the prostatic capsule material are sufficient for enucleation with a 26-Fr resectoscope; laser exposure can produce thermal changes, and prolonged exposure at the same site can cause perforation.
	□
	□
	□
	□
	□
	□
	□
	□

	
	7
	Blunt dissection/traction or laser cutting can disrupt simulated vessels and produce bleeding.
	□
	□
	□
	□
	□
	□
	□
	□

	
	8
	Laser energy can cut or vaporize the simulated prostatic adenoma tissue.
	□
	□
	□
	□
	□
	□
	□
	□

	
	9
	The adenoma can be separated from the prostatic capsule by blunt dissection or laser cutting.
	□
	□
	□
	□
	□
	□
	□
	□

	
	10
	The tensile strength and elasticity of the external urethral sphincter material are sufficient for enucleation with a 26-Fr resectoscope, and excessive mechanical manipulation or laser exposure can cause injury.
	□
	□
	□
	□
	□
	□
	□
	□

	
	11
	Laser application to a bleeding site can achieve hemostasis.
	□
	□
	□
	□
	□
	□
	□
	□

	Overall realism
	1
	Overall, this prostate enucleation simulator reproduces the real TUEP procedure with reasonable accuracy.
	□
	□
	□
	□
	□
	□
	□
	□

	Realism of technical difficulty
	2
	Compared with real TUEP, the technical difficulty of the simulated procedure is:
	□
	□
	□
	□
	□
	□
	□
	□




Appendix S2. Expert Content-Validity Questionnaire
	Rating
	Meaning

	1
	Not relevant

	2
	Somewhat relevant; major revision needed

	3
	Quite relevant; minor revision needed

	4
	Highly relevant



Based on your clinical and teaching experience with TUEP, independently rate the relevance of each item to the intended training tasks of this simulator.
	No.
	Item to be rated
	1
	2
	3
	4
	Comments/revisions

	1
	Appropriate use of surgical instruments
	○
	○
	○
	○
	

	2
	Safe scope insertion and identification of key anatomical landmarks
	○
	○
	○
	○
	

	3
	Enucleation maneuvers, including blunt dissection and laser cutting
	○
	○
	○
	○
	

	4
	Maintenance of a clear endoscopic field
	○
	○
	○
	○
	

	5
	Hemostasis
	○
	○
	○
	○
	

	6
	Haptic feedback during the procedure
	○
	○
	○
	○
	

	7
	Measurement and assessment of learning outcomes and procedural quality
	○
	○
	○
	○
	

	8
	Overall suitability of the simulator for TUEP skills training
	○
	○
	○
	○
	

	9
	Do the eight items above adequately cover the core educational content that should be evaluated for a TUEP simulator? (Yes / No)
If no, please specify any important missing content: ________

	10
	Do any of the above items contain unclear wording, overlap, or content that should be deleted or merged? Please specify: ________



Appendix S3. TUEP Simulator Educational-Function Questionnaire (Adapted from GAUES)
Participant ID: __________    Date: __________
Please rate each item based on your experience with the TUEP simulator. A 7-point Likert scale is used: 1 = strongly disagree, 2 = disagree, 3 = somewhat disagree, 4 = neutral, 5 = somewhat agree, 6 = agree, and 7 = strongly agree. Select N/A if an item is not applicable.
	No.
	Assessment item
	1
	2
	3
	4
	5
	6
	7
	N/A

	1
	The simulator can effectively teach learners to use the surgical equipment required for TUEP.
	□
	□
	□
	□
	□
	□
	□
	□

	2
	The simulator can effectively teach learners to insert the scope safely, inspect the urinary tract comprehensively, and identify relevant anatomical landmarks.
	□
	□
	□
	□
	□
	□
	□
	□

	3
	The simulator can effectively teach the fundamental skills required for prostate enucleation, including blunt dissection and laser cutting.
	□
	□
	□
	□
	□
	□
	□
	□

	4
	The simulator can effectively teach learners to maintain a clear endoscopic field during the procedure.
	□
	□
	□
	□
	□
	□
	□
	□

	5
	The simulator can effectively teach skills related to laser hemostasis.
	□
	□
	□
	□
	□
	□
	□
	□

	6
	The simulator provides realistic and accurate haptic feedback during simulated surgery.
	□
	□
	□
	□
	□
	□
	□
	□

	7
	The simulator can effectively measure and assess learning outcomes and procedural quality during TUEP training.
	□
	□
	□
	□
	□
	□
	□
	□

	8
	The simulator is suitable for TUEP simulation training of medical students and urology residents.
	□
	□
	□
	□
	□
	□
	□
	□
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Appendix S4. Task-Workload Questionnaire for Use of the TUEP Simulator
(Modified from the NASA-TLX framework)
Participant ID: __________    Date: __________
Please rate each item according to your experience while completing the simulated task. Each item contains 20 consecutive boxes; place a check mark in the box that best represents your experience.
Score range: 1-20. For all dimensions except performance, 1 indicates the lowest workload or degree and 20 the highest. For performance, 1 indicates the best performance and 20 the worst.
Target task: Complete one full simulated TUEP procedure.
1. Mental Demand
How mentally demanding was training with the TUEP simulator?
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□

	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	20


2. Physical Demand
How physically demanding was training with the TUEP simulator?
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□

	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	20


3. Temporal Demand
How much time pressure did you experience while training with the TUEP simulator?
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□

	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	20


4. Performance
How would you rate your performance while training with the TUEP simulator?
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□

	1 (best)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	20 (worst)


5. Effort
How much effort did you have to exert while training with the TUEP simulator?
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□

	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	20


6. Frustration
How frustrated did you feel while training with the TUEP simulator?
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□

	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	20


7. Technical Difficulty
How technically difficult did you find the surgical task while training with the TUEP simulator?
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□

	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	20


8. Psychological Interference
How much psychological interference did you experience while training with the TUEP simulator?
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□
	□

	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	20
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