An In Vitro Phantom Study for the Development of Novel Reconstructive Flap Monitoring Systems
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Abstruct

Background: Free flap monitoring remains reliant on clinical observation, which is subjective and may delay detection of vascular compromise. Photoplethysmography (PPG) offers promise as a non-invasive tool, but suitable in vitro models to evaluate its utility are lacking.

Methods: Custom silicone artery and vein phantoms were fabricated using adjustable ratios of deadener and hardener to replicate the mechanical properties of human forearm vessels. These were embedded in a tissue phantom at a depth of 3 mm to simulate pedicle positioning and integrated into a perfusion system. Internal pressure was modulated to reproduce normal, ischemic, and congested states. Red (660 nm) and infrared (940 nm) PPG signals were recorded, and amplitude differences between conditions were analyzed using Kruskal–Wallis and Dunn’s post hoc tests.

Results: Mechanical testing confirmed that a hardener ratio of 0.6 reproduced arterial properties, while a deadener ratio of 0.4 matched venous characteristics. PPG amplitude increased under ischemia and decreased under congestion compared with normal flow. These changes were statistically significant for both red and infrared signals (p < 0.001).

Conclusion: This study demonstrates the feasibility of a customizable vascular-tissue phantom for simulating perfusion states and detecting flow abnormalities via PPG, providing a platform for future flap monitoring technologies.


1. Introduction
Free flap surgery is a powerful reconstructive technique that involves transplanting the patient's own tissue to another site, commonly used for complex defects in the head and neck1, breast2, and limbs3. A major postoperative risk is blood flow insufficiency, with a 3-5% incidence of thrombosis occurring1,4 within the first 48 hours5–7. Delayed diagnosis of vascular compromise can lead to flap loss, necessitating re-operation and delaying recovery. Past research has shown that timely salvage surgery, performed within 24 hours of identifying a vascular issue, can rescue 70-80% of compromised flaps4,8–10.
Currently, the gold standard for monitoring is clinical observation, which involves assessing skin color, temperature, and capillary refill. While this method is a valuable tool, it is subjective and labour-intensive11, making it prone to missing subtle, early changes. An ideal monitoring system must be accurate, reliable, safe, and capable of distinguishing between arterial and venous abnormalities12. To meet these criteria, a variety of monitoring devices have been developed. These include pinpoint measurement devices like near-infrared spectroscopy (NIRS) 13, laser Doppler flowmetry (LDF) 14, and implantable Doppler15, as well as imaging-based devices such as indocyanine green angiography16 and thermography17. However, each of these technologies has its own strengths and limitations, and a universal consensus on their use remains to be reached18.
In vitro studies in a controlled environment offer a promising pathway for the development of new non-invasive technologies and signal processing algorithms for free flap monitoring. Specifically, photoplethysmography (PPG) sensor technology has been discussed for its potential to provide information directly related to blood flow abnormalities in free flaps19. Prior studies have attempted to create artificial blood vessels using techniques such as 3D bioprinting20–22, laminar flow-based microfluidics23,24, and coaxial scale-up printing25. While these approaches have shown promising results, they have limitations. For example, printing often relies heavily on specific types of ink, and techniques related to laminar flow-based microfluidics can be complex26.
In this paper, we describe the fabrication, mechanical testing, and PPG feature extraction of custom silicone blood vessel and tissue phantoms to simulate the human vascular system in an in vitro setup using silicone additives. This method builds on a previous approach outlined at the Centre for Biomedical Engineering Research at City, University of London27–29. Researchers successfully created arteries of varying stiffness to simulate arteriosclerosis, but the elasticity required to model free flap arteries and veins has not yet been addressed.
Custom blood vessels were created using PlatSil silicone30, based on the previously reported compliance of arteries and veins. Furthermore, this silicone contains scattering bodies to diffuse sensor light in a manner more similar to human tissue31. The custom vessels were embedded in a tissue phantom that mimics the surrounding tissue to create a vascular-tissue phantom. The resulting phantom was integrated into an in vitro model emulating blood circulation and used for PPG signal measurement and statistical analysis. This device was used to pump fluid throughout the entire system and observe changes in PPG signals in response to vascular volume changes during free flap ischemia and congestion.
There have been no prior reports of free flap phantom development. This study’s purpose is the first to create a phantom that mimics the arteries, veins, and subcutaneous tissue from inorganic materials. The novelty of this work also lies in its ability to simulate ischemic and congested states by adjusting intravascular pressure.
2. Methods
The experimental setup utilised a custom-built flow phantom to replicate the microcirculation of a free flap. Two main experiments were conducted: one simulating arterial flow and the other simulating venous congestion.
2.1. Free Flap Phantom Creation
We created custom artery and vein phantoms with mechanical properties highly similar to those of human forearm vessels. These were integrated into an in vitro system to introduce various blood flow states (ischemia, normal flow, and congestion) while maintaining a heart rate of 66 bpm. The resulting PPG signals were observed and subsequently analysed for statistical significance.
The phantom creation was based on previous research conducted in our laboratory27–29.
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Figure1. Schematic diagram of the dip-coating stage to produce customised vessels.
The mechanical properties of the vessels were determined by measuring the inflation ratio in response to internal pressure changes during a hydrostatic pressure test. To determine compliance, vessels were cut into 5-10.5 cm lengths and connected to a closed-loop circuit with adjustable internal pressure. The elasticity of the vessels was assumed to be uniform and homogeneous along their entire length. Internal pressure was increased within the ranges of 60-120 mmHg for arteries and 10-30 mmHg for veins to simulate systolic and diastolic pressures32. During this process, images were captured using a digital microscope (Celestron, Torrance, CA, USA). Changes in diameter were precisely measured using a 0.01 mm micrometre scale.
The relationship between the circumferential strain () and longitudinal strain (​) of a tube is defined by Poisson's ratio ()33:

For soft silicones, where  is approximated as 0.49,  is negligibly small.

Before conducting the experiment, the elongation rate of the soft tube was actually measured to confirm that this process was applicable. 
From the changes in the fabricated vessels in response to pressure, the cross-sectional area (CSA) and compliance (C) were calculated. Assuming the wall thickness (d), outer diameter (OD), inner diameter (ID), and cross-sectional area (CSA) at a given internal pressure x are dx​, ODx​, IDx​, and CSAx​ respectively, they can be calculated as follows34:




The measured values of d0, OD0, and ODx were applied to these formula to calculate  ΔCSA andC for both the artery (60-120 mmHg) and the vein (10-30 mmHg).
Following this, a vascular-tissue phantom was created by embedding these vessels in a surrounding tissue matrix, mimicking the vascular tissue environment, in a procedure similar to what was previously outlined.
2.2. In Vitro Cardiovascular System Configuration
The fabricated phantom artery was incorporated into an in vitro vascular system. To simulate blood flow, a liquid composed of deionized water and methylene blue powder (Thermo Fisher Scientific, UK)35 was circulated throughout the system using a pulsating pump (PD-1100, BDC Laboratories, Wheat Ridge, CO). operating at 66 bpm. The phantom vein was assumed to have minimal pulsation and was therefore connected to a closed circuit with adjustable internal pressure. A reflective-mode PPG sensor with two wavelengths (red: 660 nm, infrared: 940 nm) was placed on top of the phantom to record the signals36, which were displayed and recorded in LabVIEW (Version 2023 Q1, National Instruments, Austin, TX).
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Figure 2. Schematic Diagram of the Cardiovascular System. A PPG sensor is applied to a tissue phantom (grey) containing an artery connected to a pump and a vein connected to a closed circuit.
2.3. Induction of Ischemia and Congestion
Arterial internal pressure was set to 60-120 mmHg for the normal state, 30 mmHg for the ischemic state, and 60 mmHg for the congested state37,38. The adjustment of internal pressure was done by adjusting a clamp within the circuit. The venous internal pressure, on the other hand, was set to 10 mmHg for the normal and ischemic states and 30 mmHg for the congested state, which was adjusted by injecting fluid via a syringe through a valve.
2.4. PPG Signal Analysis
PPG signals were extracted for the three conditions: normal, ischemic, and congested. For ischemia, a decrease in arterial blood volume was expected, while for congestion, an increase in venous blood volume was anticipated. This was expected to result in fewer absorbed photons and a greater number of detected photons by the photodetector during ischemia, and the opposite during congestion.
2.5. Statistical Analysis
Statistical analysis of the recorded signals was performed using the Kruskal-Wallis test39, a non-parametric one-way analysis of variance designed to evaluate differences among three or more independent groups. This test serves as an extension of the Mann-Whitney U test, allowing for the comparison of multiple independent samples40,41. In this study, we analyzed the extracted features from the tissue phantoms under various states (normal, ischemic, and congested) to determine if a statistically significant difference existed between them. Significance was defined as p < 0.05 42. This analysis aimed to evaluate whether the extracted features could successfully differentiate between normal circulation and states of ischemia and congestion.
3. Results
3.1. Phantom Fabrication and Mechanical Characterization
Based on previous research, the mechanical properties of the vessels were reproduced by mixing equal parts of Gel-00 (Polytek Development Corp., Easton, PA, USA) Part A and Part B with appropriate ratios of deadener (D) and hardener (H), along with a 2% retarder29.
To demonstrate that the longitudinal strain was negligible, a soft 10 cm tube intended to represent a vein was placed in a horizontal water-filled circuit.
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Figure 3. To measure the longitudinal strain, the tube was placed in water to avoid friction with the floor.
 The length of the tube was measured as the pressure was increased up to 30 mmHg. As shown in the table below, the change in longitudinal strain was less than 1% for the softest vein phantom. Therefore, longitudinal strain was considered negligible for our calculations, and changes in wall thickness after pressurization were calculated based on the circumferential strain.
	Mixture Ratio (A:B:D)
	0 mmHg
	10 mmHg
	30 mmHg

	1:1:0.6
	10 cm
	10 cm
	10.1 cm

	1:1:0.4
	10 cm
	10 cm
	10 cm

	1:1:0.2
	10 cm
	10.0 cm
	10cm


Table 1: Longitudinal Strain Test
Given that the change in longitudinal strain in a soft vein is minimal—less than 1% even at maximum internal pressure—we decided to disregard longitudinal strain in our calculations. This means that the change in wall thickness after pressurisation was calculated solely based on circumferential strain. 
The fabricated tube was thinly sliced, stained black, and placed on a 0.01 mm micrometer scale. Its wall thickness was then measured under a microscope.
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Figure 4. The wall thickness of the fabricated tube was measured under a microscope.
The fabricated tube was connected to a closed circuit, and its outer diameter (OD) was measured under a microscope while an appropriate internal pressure was applied.
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Figure 5. Using a 0.01 mm micrometer scale, the outer diameter corresponding to the internal pressure was measured accurately. The outer diameter was measured three times at various points, and the average value was taken as the final result.
An investigation was conducted to determine the appropriate silicone mixing ratio to mimic the mechanical properties of arteries. Previous studies have reported that the change in cross-sectional area (ΔCSA) for the radial and brachial arteries is 23.5% and 25.9%, respectively, with a corresponding compliance of 1.30 and 3.52 ( cm2/mmHg)34. To identify an A:B:H blend that approximates these values, the mechanical properties of tubes from several different mixtures were measured.
	A:B:H
	d0
	ID0
	OD0
	OD60
	OD120
	CSA60(mm2)
	CSA120(mm2)
	ΔCSA(%)
	C(10-4*cm2/mmHg)

	1:1:0.4
	0.68
	2.78
	4.14
	4.42
	4.96
	7.77
	11.5
	47.8
	6.19

	1:1:0.5
	0.57
	2.63
	3.77
	4.03
	4.41
	6.89
	9.27
	34.4
	3.95

	1:1:0.6
	0.63
	2.72
	3.98
	4.24
	4.52
	7.34
	9.14
	24.4
	2.99

	1:1:0.7
	0.56
	2.8
	3.92
	4.08
	4.25
	7.09
	8.13
	14.7
	1.73


Table 2. Investigation of Silicone Mixing Ratios For Artery.
Meanwhile, previous studies have reported that the ΔCSA for the cephalic and basilic veins is 41.8% and 27.2%, respectively, with a corresponding compliance of 5.6 and 17.4 ( cm2/mmHg)34.
	A:B:D
	d0
	ID0
	OD0
	OD10
	OD30
	CSA10(mm2)
	CSA30(mm2)
	ΔCSA(%)
	C(10-4*cm2/mmHg)

	1:1:0.6
	0.95
	2.8
	4.7
	4.88
	5.65
	7.31
	13.0
	78.0
	28.5

	1:1:0.4
	1.05
	3.19
	5.29
	5.48
	5.88
	9.36
	12.5
	33.6
	15.7

	1:1:0.2
	1.26
	2.17
	4.69
	4.77
	44.97
	4.13
	5.28
	27.9
	5.7


Table 3. Investigation of Silicone Mixing Ratios For Vein.
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Figure 6. (a) The blending ratio of H = 0.6 reproduces the target ΔCSA. (b) The blending ratios of H = 0.6 and 0.7 reproduce the target compliance. (c)The blending ratios of D = 0.2 and 0.4 reproduce the target ΔCSA. (d) The blending ratios of D = 0.2 and 0.4 reproduce the target compliance.
Based on these results, the silicone formulations adopted for the phantom were A:B:H = 1:1:0.6 for the artery and A:B:D = 1:1:0.4 for the vein. These artery and vein phantoms were then embedded 3 mm deep within a subcutaneous tissue phantom (A:B:D=1:1:1) created based on a previous report43,28,29.
3.2. Pressure Adjustment
Based on a review of previous literature37,38, the arterial and venous pressures for normal, ischemic, and congested conditions were set as shown in Table 4. 
	
	Normal
	Ischaemia
	Congestion

	Artery
	60-120
	30
	60

	Vein
	10
	10
	30


Table 4. Arterial and Venous Pressure Settings for Normal, Ischemic, and Congested Conditions.
Arterial pressure was adjusted by controlling the volume of solution in the circuit and by using a clamp. Venous pressure was adjusted by injecting a solution through a one-way valve. Graphs of the actual measured arterial and venous pressures are shown in Figures 7 and 8.
[image: グラフ, 折れ線グラフ

AI 生成コンテンツは誤りを含む可能性があります。]
Figure 6. Arterial pressure for 3 conditions
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Figure 7. Venous pressure for 3 conditions

3.3. PPG Signal Acquisition and Analysis
A graph overlaying the signals for normal, ischemic, and congested conditions is shown in Figures 9 and 10. 
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Figures 9. PPG signals (Red) between each state 
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Figures 10. PPG signals (IR between each state 

There were visual changes in the PPG signal between each state. Amplitude increased during ischemia, while it decreased during congestion. In the normal state, the cardiac waveform was clear. Comparing the Red and IR signals, the amplitude of the normal waveform in IR was closer to the congestion value than the ischemia value.
The systolic PPG amplitude was quantified through feature extraction and is shown in the box plot in Figure 11, illustrating the change in amplitude between the vascular tissue phantoms. 
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Figures 10. Quantified Systolic PPG Amplitude for Each Condition and Wavelength
This change was analysed for statistical significance using a Kruskal-Wallis analysis (Table 5). 
	Comparison
	Chi-Squared
	df
	p-Value

	Red
	62.861
	2
	2.238×10-14

	IR
	72.093
	2
	2.214×10-16


Table 5. Kruskal–Wallis analysis of red and infrared PPG amplitudes.
P-values of 2.238×10-14 for Red and 2.214×10-16 for IR indicate a significant difference in amplitude between the phantoms (p<0.001). To determine the extent of the difference between each phantom, a Dunn's test was applied as a post-hoc analysis (Table 6). The multiple-comparison adjusted p-values suggest that the PPG amplitudes of all three phantoms are significantly different (p<0.001).
	Comparison
	Z (Red/IR)
	p (Unadjusted)(Red/IR)
	p (Adjusted)(Red/IR)

	N vs I
	5.74 / 4.89
	<0.001 / <0.001
	<0.001 / <0.001

	N vs C
	7.61 / 8.46
	<0.001 / <0.001
	<0.001 / <0.001

	I vs C
	1.87 / 3.57
	<0.001 / <0.001
	<0.001 / <0.001


Table 6. Dunn test of PPG amplitudes between each condition. N: Normal, I: Ischaemia, C: Congestion

4. Discussion
This study proposes an innovative approach to investigate the effect of vascular stiffness on PPG signals using a novel vascular tissue phantom. The process outlined in this paper allows for the mechanical properties of both arteries and veins to be replicated by modifying the elastomeric characteristics of the phantom, making it possible to simulate both ischemic and congested states. The stiffness of the vessels and surrounding tissue can be adjusted by adding a hardener or deadener. Preliminary PPG signal analysis confirmed that changes in blood flow conditions within the phantom led to significant amplitude variations. When the concentration of the deadener was increased to a maximum of 0.6 parts, the tube's length increased by only 1%. This indicates that while the deadener affects the composition of the material, it has a negligible effect on the longitudinal strain.
In this study, the mechanical properties of the tubes were evaluated using internal pressure testing. Although uniaxial tensile testing of Young’s modulus is commonly employed in vascular graft research, it has inherent limitations in replicating the multi-axial mechanical environment of native vessels44. In particular, it cannot capture circumferential compliance or the nonlinear, anisotropic behaviour that is central to physiological function. By contrast, internal pressure testing directly assesses compliance and pressure–diameter relationships under conditions resembling blood flow, thereby providing more appropriate insights into circumferential mechanics45. The circumferential compliance assessment conducted here represents a core element of the ISO 7198:2016 framework and provides fundamental knowledge regarding the pressure–diameter behaviour of vascular constructs46. Future studies should expand this approach to include comprehensive compliance characterisation, incorporating cyclic pressurisation across multiple pressure ranges and temperature-controlled conditions, in order to achieve direct alignment with international benchmarks. Furthermore, this method enables comparison with previous findings, such as ultrasound-based assessments of pressure-dependent cross-sectional area changes in arteries and veins, by applying the same calculation formulas to evaluate differences in cross-sectional area and compliance relative to healthy forearm vessels34.
As expected, increasing the proportion of deadener led to greater cross-sectional area changes and compliance in response to pressure, whereas increasing the proportion of hardener produced the opposite effect, reducing both parameters. The arterial models best reproduced the mechanical properties of the radial and brachial arteries when the hardener was used at a ratio of 0.6 (30% of total weight), while the venous models most closely mimicked the cephalic and basilic veins when the deadener was used at a ratio of 0.4 (20% of total weight). In terms of size, arterioles are reported to have a diameter of 1–6 mm and a wall thickness of 0.125–0.8 mm. The models we fabricated fell within this range44. Furthermore, the internal diameter of the deep inferior epigastric vein perforator, the drainage vein for the abdominal flap, has been reported to be 0.50 to 4.32 mm47, which was also within the range of our fabricated models. According to Cappelletti et al., under normal blood pressure conditions, the mean cross-sectional area change in healthy adults is 3.4 to 4.2 mm² (+23.5%) for the radial artery and 8.1 to 10.2 mm² (+25.9%) for the brachial artery34. In comparison, the arterial model with a hardener ratio of 0.6 exhibited a cross-sectional area change of 7.34 → 9.14 mm² (+24.4%), indicating that the mechanical properties were reproduced within an appropriate range. Compliance values reported for the radial and brachial arteries are 1.3×10⁻⁴ and 3.52×10⁻⁴, respectively34, while the compliance of the arterial model was 2.99×10⁻⁴, again falling within a comparable range. Similarly, under normal blood pressure conditions, the mean cross-sectional area change in the cephalic and basilic veins of healthy adults is 5.5 to 7.8 mm² (+41.8%) and 16.9 to 21.5 mm² (+27.2%), respectively34. The venous model with a deadener ratio of 0.4 demonstrated a change of 9.36 to 12.5 mm² (+36.6%), reproducing venous mechanical behaviour within an appropriate range. Reported compliance values for the cephalic and basilic veins are 5.6×10⁻⁴ and 17.4×10⁻⁴, respectively34, and the compliance of the venous model was 15.7×10⁻⁴, also consistent with physiological values.
These arterial and venous models were embedded at a depth of 3 mm within a tissue phantom composed of deadener mixed at an equal ratio (50% by weight), thereby reproducing the mechanical properties of human tissue. Previous reports indicate that the combined thickness of the epidermis and dermis is approximately 1–2 mm48; thus, a depth of 3 mm corresponds to the subcutaneous tissue layer, consistent with the pedicle depth simulated in this phantom. The phantom was connected to a perfusion circuit in order to investigate how photoplethysmography (PPG) signals differed between normal, ischemic, and congested states.
Red and infrared PPG signals were recorded and analyzed on a cycle-by-cycle basis, revealing a reduction in PPG amplitude under both ischemic and congested conditions. Kruskal–Wallis analysis followed by Dunn’s post hoc test demonstrated that these changes were statistically significant (p < 0.001), supporting the hypothesis that PPG signals, particularly amplitude variations, can discriminate between normal and abnormal perfusion states. Moreover, amplitudes were relatively higher in ischemia and lower in congestion, a trend consistent with the physiology of vascular behaviour and PPG measurement. As PPG is a volumetric method, suppressed vascular expansion results in smaller local blood volume changes and thus reduced signal amplitude. In addition, ischemia decreases intravascular volume, increasing the amount of reflected light detected, whereas congestion increases intravascular volume, thereby reducing detected light intensity.
Signal quality is of particular importance in in vitro studies. One major factor influencing signal quality is sensor contact. While firm and consistent contact has been shown to yield higher-quality signals, vasoconstriction may lead to quality deterioration49,50. In the present in vitro setup, the phantom and sensor were housed in a custom case designed to minimise movement and ensure consistent contact force during measurements. Another factor is pump performance. The pump employed in this study (PD-1100, BDC Laboratories, Wheat Ridge, CO) was unable to generate a bimodal waveform, highlighting the need for future setups to incorporate more physiologically accurate waveforms to allow detailed morphological analysis.
5. Conclusion
With recent advancements in PPG technology, an in vitro device that can simulate normal, ischemic, and congested states would be a beneficial tool for applications in free flap monitoring. This paper describes the construction of customizable silicone arteries and veins, fabricated using a dip-coating method, for use in an in vitro vascular system. By adjusting the blend of deadener and hardener, the desired vessel thickness and mechanical properties can be achieved.
The purpose of this study was to develop a custom-made silicone phantom that simulates a free flap and to replicate ischemic and congested states. PPG signals obtained from this model were recorded and analyzed, allowing us to detect the morphological changes caused by each condition. A statistically significant change in amplitude was detected, which demonstrates the potential of PPG technology for detecting flap blood flow impairment.
Future work should aim to further improve the similarity of the phantom to human tissue by exploring different materials and generating signals that are even closer to those found in the human body. It is also necessary to investigate more advanced signal feature extraction and highly accurate anomaly detection methods.
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