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 Particle image velocimetry results demonstrated the necessity of compliance in any 27 

haemodynamic study. 28 

 Introduction of compliance into the study of aorta haemodynamics demonstrated 29 

and increase in flow recirculation 30 

 a direct correlation was made between the observed recirculation and high-risk 31 

areas for atherosclerosis 32 
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The aorta is a high risk region for cardiovascular disease (CVD). Haemodynamic patterns 35 

leading to CVD are not well established despite numerous experimental and numerical 36 

studies. Most overlook effects of arterial compliance and pulsatile flow. However, rigid wall 37 

assumptions can lead to overestimation of wall shear stress; a key CVD determinant. This 38 

work investigates the effect of compliance on aortic arch haemodynamics experiencing 39 

pulsatility. Rigid and compliant phantoms of the arch and brachiocephalic branch (BCA) 40 

were manufactured. Stereoscopic particle image velocimetry was used to observe velocity 41 

fields. Higher velocity magnitude was observed in the rigid BCA during acceleration. 42 

However, during deceleration, the compliant phantom experienced higher velocity. During 43 

deceleration, a low velocity region initiated and increased in size in the BCA of both 44 

phantoms with irregular shape in the compliant. At mid-deceleration, considerably larger 45 

recirculation was observed under compliance compared to rigid. Another recirculation 46 

region formed and increased in size on the inner wall of the arch in the compliant during 47 

late deceleration, but not rigid. The recirculation regions witnessed identify as high risk 48 

areas for atherosclerosis formation by a previous ex-vivo study. The results demonstrate 49 

necessity of compliance and pulsatility in haemodynamic studies to obtain highly relevant 50 

clinical outcomes. 51 

 52 

Key terms: Aortic Arch; Compliance; Pulsatile flow; Particle Image velocimetry; 53 

Haemodynamics; Cardiovascular Disease;  54 
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1. Introduction 57 

Cardiovascular disease (CVD) is the leading cause of death with 17.7 million mortalities each 58 

year globally [1]. Initiation and development of CVD can be caused by abnormal 59 

haemodynamic behaviour. In healthy arteries, endothelial cells regulate the vascular muscle 60 

tone by releasing mediator molecules such as nitric oxide (NO) to maintain wall shear stress 61 

(WSS) within a certain healthy range [2].  However, WSS fluctuation is a haemodynamic risk 62 

factor for CVD [3]. WSS regulates the growth of endothelium cells that constitute the lining 63 

of the arterial lumen and abnormal WSS can cause endothelium cell dysfunction [4]. 64 

Assemat, Siu [5] noted particular high risk regions for stenosis development including the 65 

inlets of the efferent arteries and the distal curvature of the aortic arch lumen (Figure 1). 66 

Recirculation has been noted as a risk factor for the development of stenosis [6-8]. Since 67 

WSS is directly proportional to velocity gradient at the wall, correctly predicting any adverse 68 

velocity profiles is imperative to ensuring that cardiovascular investigations produce 69 

relevant data. This paper demonstrates assumptions of rigid boundary conditions in the 70 

aortic arch will lead to a misrepresentation of important flow field phenomena and incorrect 71 

prediction of the onset of recirculation. 72 

 73 

Fig. 1 Danger zones for stenosis formation according to Assemat, Siu [5] 74 

Healthy and diseased haemodynamics in the aortic arch are not well understood. Numerical 75 

and experimental methods have been used to investigate aortic haemodynamics and 76 

provide better understanding of disease states and therapeutic procedures [9, 10]. 77 

Computational fluid dynamics (CFD) packages have been utilised to simulate healthy and 78 

diseased haemodynamics [11-13]. However, numerical studies that lack physical validation 79 

provide limitied authority to formulate strong recommandations for CVD treatments. 80 
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Therefore,  in-vitro measurment of haemodynamics using flow phantoms, ex-vivo vessels in 81 

retrospective patient data, or other haemodynamic measurment should be carried out to 82 

validate findings of CFD based haemodynamic research [14]. 83 

Several in-vitro measurements have been performed on different arterial regions [15-20]. 84 

However, these studies were typically performed using rigid arterial phantoms. Studies have 85 

shown that rigid assumptions in straight phantoms representing arteries demonstrate WSS 86 

overestimation of up to 60% in comparison to compliant models [21-24]. While compliant 87 

models of complex geometry are difficult to produce [25], it is imperative they are able to 88 

replicate and capture any major elements of  haemodynamic behaviour if a model is 89 

intended to inform therapy. In particular, changes in the fluid-boundary interaction must be 90 

captured to ensure an accurate representation of the biological system. A full review of rigid 91 

and compliant phantom fabrication methods and associated difficulties can be found in 92 

Yazdi, Geoghegan [25]. 93 

This paper presents a haemodynamic study in an idealized, compliant phantom of the 94 

ascending aorta and one superior branch. Pulsatile flow fields were evaluated in the 95 

phantom using stereoscopic particle image velocimetry technique (SPIV).  Particular 96 

attention was focussed on regions that have been noted as high risk points for stenosis 97 

formation. The results of the study presented in this paper clearly show flow recirculation 98 

zones in the compliant model that are not observed in the rigid. These occur in regions 99 

classified as danger zones [5]. This is clear evidence that applying rigid wall assumptions will 100 

not correctly predict flow phenomena in regions important to cardiovascular disease 101 

progression. 102 

2. Materials and Methods 103 

The idealized dimensions of the aortic arch with the brachiocephalic artery (BCA) were 104 

obtained from a meta-analysis of reported aortic arch geometric parameters [26]. An 105 

idealized phantom geometry (Figure 2a) was designed in SolidWorks (SolidWorks, Concord, 106 

MA, USA). Two phantoms were used in this analysis: the first was sufficiently stiff to be 107 

considered  rigid, while the second was thin walled and compliant. The phantoms were 108 

designed at 1.5 times life size. The compliant phantom was manufactured from Dow 109 

Corning Sylgard 184 silicone, which has a Youngs modulus of 1.32 MPa as previously 110 

reported through tensile testing in Geoghegan, Buchmann [27] and the thin walled phantom 111 

wall-thickness was modulated to achieve equivalent compliance (31.25×10-6 Pa-1) to in-vivo 112 

conditions [28]. In-vivo compliance was matched using the normalised compliance equation 113 

(Eq 1) [25]. 114 
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Where r is the radius, Amin is the cross-sectional area of the lumen at zero transmural 115 

pressure, E is the modulus of elasticity, and h is the wall thickness of the phantom. The 116 

phantoms were fabricated using lost-core casting of silicone  [27]. An UP Box (Tiertime, 117 

Beijing, China) FDM (fused deposition modelling) 3D printer used an ABS material to print 118 

male moulds for the rigid and compliant phantoms. 119 

For the rigid phantom (Figure 2b) the male mould was placed in a PMMA casting box, which 120 

was then filled with silicone. After the silicone cured, acetone was used to dissolve the ABS 121 

core, leaving the phantom. The compliant phantom fabrication has been detailed in Yazdi, 122 

Huetter [29].  A two-piece female mould was 3D printed with dowels were used to locate 123 

the male mould centrally in the female mould. Silicone was injected into the cavity between 124 

moulds and left to cure. The female mould was mechanically removed from the phantom 125 

and the male mould dissolved from the phantom core yielding a phantom with a uniform 126 

1mm wall thickness (Figure 2c).  127 

 128 

Fig. 2 (a) Schematic drawing of the phantom; dimensions in mm (b) Rigid Phantom (c) 129 

Compliant Phantom. 130 

An aqueous-glycerine mixture was used as the working fluid to mimic blood flow within the 131 

phantoms. The refractive index of the working fluid was matched to cured Sylgard 184 132 

(n = 1.417) by defining the ratio of water to glycerine, 39:61 [23]. This effectively eliminated 133 
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significant optical distortion caused by the curvature of the phantom [27]. The modulus of 134 

elasticity for cured Sylgard was 1.32 MPa and allowed phantom compliance to be matched 135 

to that of the human aorta by controlling the wall thickness [28]. 136 

The compliant phantom was placed in a compliance chamber filled with the same working 137 

fluid. To control the pressure external to the phantom and mimic transmural pressure in-138 

vivo, a 160 mm head was applied to the working fluid surrounding the phantom (Figure 3). 139 

An in-house developed computer controlled stepper-motor driven reciprocating piston 140 

pump induced a physiological flowrate waveform [30] and pumped the working fluid 141 

through the phantoms. The pump incorporated a high resolution stepper motor (200 steps 142 

per revolution), ball screw, piston and cylinder. The piston rod was connected to a ball 143 

screw supported by bearings at the free and motorised ends. The stepper motor was 144 

controlled using a Labview programme via a National Instruments 9401 digital module and 145 

9172 Compact DAQ chassis using feedback control.  146 

To match physiological conditions across the change in diameter and working fluid 147 

kinematic viscosity (ν), the flow rates of the working fluid were scaled to match the in-vivo 148 

Reynolds (Re– Eq.2) and Womersley numbers (α– Eq.3) using the proximal diameter (41.26 149 

mm) as the characteristic length (L) [28]. The kinematic viscosity of the water-glycerine 150 

mixture was 9.3 x 10-6 m2/s. Figure 4a shows the in-vitro inlet flow waveform. The outlet 151 

flow conditions were maintained by a constant pressure head with a weir placed 160 mm 152 

above the inlet level. The Womersley number was 9.7 and the maximum Reynolds numbers 153 

was 1220 [31]. 154 

   
  

 
 (2) 155 

  
 

 
√

 

 
 (3) 156 

Where U is velocity and ω is angular frequency. 157 

The flow circuit consisted of the pump, a flow straightener, electromagnetic flowmeter (IFC 158 

300 KROHNE Ltd, UK, located directly upstream of the entrance to the phantom, providing a 159 

real-time output of the entrance waveform), the phantom with two outlets and a header 160 

tank. Impedance of the capillary network was mimicked by the header tank. A weir in the 161 

header tank maintained a constant outlet pressure head (Figure 3). 162 

 163 
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 164 

Fig. 3 Experimental fluid circuit setup: (A) data acquisition system , (B) piston pump, (C) flow 165 
straightener , (D) electromagnetic flowmeter, (E) pressure box, (F) compliance chamber. The 166 

thick blue lines are representative of the flow path, and thin black lines indicate electric 167 
signals. 168 

 169 

 170 

Fig. 4 (a) Normailsed in-vivo inlet physiological flow waveform (b) Schematic view of all 171 
measurement plains; the distance between the plain is 5mm. 172 

Two TSI Powerview 4MP LS PIV cameras (TSI Inc., Shoreview, MN, USA), Scheimpflug 173 

adaptors, 60 mm Nikkor lenses, 120 mJ/pulse Nd-YAG laser (New Wave Solo 120 XT) and a 2 174 

mm thick light sheet forming lens train were used in the setup for the stereo-PIV system. 175 

The left and right cameras were located 1m from the phantom on a horizontal plane at -30o 176 

and +30o from a line perpendicular to the light sheet, respectively. Nominally 10 µm 177 

diameter, silver-coated neutrally buoyant hollow glass spheres (Dantec Dynamics S-HGS-10) 178 

t1 

t2 

t3 t4 

t5 

t6 

t7 

t8 

t9 
t10 

0

5

10

15

20

25

30

0 0.2 0.4 0.6 0.8 1

Fl
o

w
 r

at
e

 (
L/

m
in

) 

t/T (a) (b) 

                  



 

8 
 

seeded the flow. TSI INSIGHT 4G software was used for imaging and processing. Camera 179 

calibration was carried out using a TSI dual-plane, 10 mm spacing calibration target. The 180 

calibration target was placed in a transparent box filled with the working fluid. Equal 181 

refractive angles were achieved by ensuring that the distance between the light sheet and 182 

the front face of the box remained consistent across both compliant and rigid models. All 183 

key flow dynamics were well captured.  184 

Pre-processing comprised of a disparity correction, subtraction of an average intensity 185 

background and static masking of the non-fluid domain. A recursive Nyquist grid engine was 186 

used for processing. Processing consisted of ensemble averaging of 20 images at each 187 

discrete phase and iterative window sizing with the start and final window dimensions of 188 

64x64 and 32x32 pixels respectively. A Gaussian weighting function emphasising the central 189 

pixels before FFT correlation conditioned the windows. 190 

Vector statistics were calculated using TSI INSIGHT 4G’s in-built algorithms, with an average 191 

of 93% valid vectors after cross correlation and a report of satisfactory interpolated vectors 192 

for the final 7%. This rate of valid vectors is generally considered high for successful PIV 193 

analysis [32]. 194 

3. Results 195 

The results were obtained for four different lateral planes in the phantoms (Figure 4b). Raw 196 

PIV images of the symmetry plane were calibrated and the wall positions for different times 197 

on the cardiac cycle were extracted from the average intensity background images of the 198 

symmetry plane. Figure 5 shows the expansion and contraction of the arterial wall on the 199 

symmetry-plane during the flow cycle. The diameter change at an arbitrarily chosen, but 200 

indicative line (Figure 5 line A-B) on the artery cross-section was calculated using a single 201 

camera. The camera image was accurate to 1 pixel which corresponds to 46 μm. The 202 

diameter of the artery on the line A-B varied approximately 7% of its natural diameter for 203 

the duration of the flow cycle. 204 
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 205 

 206 

Fig. 5 (a) Wall position change of the compliant and phantom on the symmetry plane. (b) 207 

Diameter change of line A-B for compliant (-) and rigid (--) phantom. Note that the flow 208 

wave is shown in Figure 4a. 209 
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Figure 6 shows how colour is used to represent in plane velocity in Figures 7 and 8, and 210 

opacity is used to show out of plane velocity component. Figure 7 shows the velocity 211 

magnitude contour plot of the compliant and rigid phantoms during a cardiac cycle for the 212 

central plane. While all flow fields for each measured planes (n=4) at each measured points 213 

(n=10) for both phantoms (n=2) in the flow cycle are shown in Appendix A (n=80), only the 214 

planes exhibiting interesting or contrasting haemodynamics are presented in this section. 215 

On the symmetry plane during the acceleration phase of systole (t=0.1 to 0.3 s), velocity 216 

vectors followed the arterial geometry and no evidence of flow separation or backward flow 217 

was observed in either the compliant or rigid phantom. These fluid patterns were expected 218 

due to high momentum forces and consistent negative pressure gradient during this phase. 219 

Velocity magnitude in the BCA of the rigid phantom was approximately double the BCA 220 

velocity magnitude in the compliant phantom (Figure 7). Higher velocity in branched 221 

arteries of a rigid model was also noticed by Miyazaki, et al. who compared numerical CFD 222 

velocity results to MRI obtained velocities [33]. Büsen, Arenz [34] investigated the effects of 223 

varying compliance on the flow velocities and vortex formation. As compliance of aortic 224 

stiffness reduced, mean velocities were increased and vortex development damped. In 225 

contrast to the acceleration phase of systole, during the deceleration of systole (t=0.4 to 0.6 226 

s), the general velocity magnitude was higher in the compliant phantom compared to those 227 

in the rigid phantom. A low velocity region was initiated at the upper wall of the BCA branch 228 

in both phantoms at 0.4s and increased in size as the wave decelerated toward 0.6 s. There 229 

were significant differences between the flow in the BCA in the compliant and rigid 230 

phantoms. This was one of the regions identified as a high risk point for stenosis formation 231 

by Assemat and Siu [5]. While, the rigid phantom had a small recirculation region, the 232 

compliant phantom generated a more erratic shape that is indicative of local transitions in 233 

velocity.  At mid-decelerating systole (t=0.7 s), the compliant phantom showed a large 234 

recirculation region in the BCA whereas the rigid phantom exhibited a very small region of 235 

recirculation.  236 

At 0.6 s, a flow separation region also formed at the inner wall of the arch in the compliant 237 

phantom, which increased in size through the deceleration phase of systole (Appendix A: 238 

Velocity Dynamics Figure 10b). This pattern was not observed in the rigid phantom. This was 239 

also identified as a risk region for stenosis growth [35]. Two vortices were at 0.8 s and 0.9 s 240 

at the distal end of the BCA juncture with the aortic arch for the compliant phantom alone. 241 

These recirculation zones may be explained by the reversed flow from the BCA into the 242 

aortic arch. There were no observations of such patterns in the rigid model (Figure 7).  243 
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 244 

Fig. 6 Legend to enable interpretation of Figures 7 and 8. 245 

 246 

                  



 

12 
 

 247 

Fig. 7 central plane dynamics at indicative times. All planes and times are shown in the 248 

appendix and legend in Figure 6. 249 

The secondary planes exhibited similar behaviour to the central plane with the exception 250 

that lateral out of plane flow was required to conserve mass in the reducing circumference 251 
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of the aortic arch. This was most apparent in the BCA during systole (Figure 8). Plane 4 252 

shows vectors that do not comply with the plane boundaries. It is suggested that, while this 253 

may not be expected, one must note that  the contraction along the aortic geometry could 254 

cause significant out of plane flow. Furthermore, the compliant nature of the phantom 255 

means that velocity vectors may also have a perpendicular component when the vessel wall 256 

is expanding or contracting (rate of displacement of the wall (Vwall) = 0.01 m/s) (Figure 5). 257 

Note that the flow on plane 4 in both phantoms at t = 0.9s tends downwards. This is 258 

consistent with the Dean’s Vortices shape expected for flow in a curved vessel. However, 259 

flow in plane 4 during systole showed no such evidence of this. 260 

 261 
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 262 

Fig 8. Non-midplane velocity fields at certain indicative points and velocity scales are           263 

 shown in Figure 6. 264 

Figure 9 presents the in-plane shear rate contours (Calculated using PIVview2C (ILA-5150 265 

GmbH, Germany) and plotted in Tecplot 360 (EX 2020 R1)) at t = 0.3 and 0.7 s in the rigid 266 
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and compliant phantom. Appendix B contains the shear rate contours for all timesteps. 267 

There is a marked difference in shear rate between rigid and compliant phantoms, 268 

especially in the BCA. There is a separation of a positive shear layer from the proximal wall 269 

of the BCA that occurs during systole. This occurs earlier in the rigid phantom as 270 

demonstrate at t = 0.3s. At t= 0.7s, at the location the compliant phantom showed a large 271 

recirculation region in the BCA (Figure 7) compared to the rigid, this positive shear layer 272 

traversed distally and comes into close proximity to the negative shear observed on the 273 

distal wall of the BCA. 274 

 275 

 276 

 277 

 278 

 279 

Fig 9. Shear rate (1/s) contours in the central plane at t= 0.3 and 0.7s. 280 

4. Discussion 281 

The lumen boundary motion of the compliant phantom caused differences in the flow field 282 

that are clinically important. In particular, the compliant phantom showed recirculation 283 

behaviour in increased atherosclerosis risk regions that was not present in the rigid 284 

phantom. The difference between the compliant and rigid results show the importance of 285 

fluid-structure interactions in arterial phantoms. A rigid phantom assumption may miss key 286 

haemodynamics that have the potential to cause inflammatory responses of cell growth 287 

Compliant t = 0.3s Rigid t = 0.3s 

Rigid t = 0.7s Compliant t = 0.7s 
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[36]. Recirculation has been noted as a risk factor for the development of stenosis [6-8]. This 288 

further supports previous claims that haemodynamic modelling of larger arteries must be 289 

undertaken with pulsatile and compliant models [37-40].  290 

During decelerating systole, flow separation and vortices were observed on plane 1 in the 291 

proximal BCA region in the compliant phantom but not the rigid phantom (Figure 7). This 292 

was coupled with a variation in the observed shear rate. During decelerating systole (t=0.4 293 

to 0.6s), the recirculation occurred in the BCA on the edge closer to the heart. This was 294 

noted as a key high risk area by Assemat, Siu [5]. The reason for the difference between the 295 

flows in the compliant and rigid phantom could potentially be caused by the changing lumen 296 

geometry within the compliant phantom. In particular, it may be reasonably assumed that 297 

axial stress on the lumen wall will shift the arch in the distal direction and decrease the 298 

angle between the BCA and the aortic arch (Angle of red line in Figure 2c becomes more 299 

acute) – thus potentially causing the larger recirculation region due to a more pronounced 300 

leading edge promoting separation. However, this change in geometry was not quantified. 301 

Canstein, et al. suggested that fluid structure interactions may affect normal and 302 

pathological blood flow characteristics [14]. Further research is required to determine if this 303 

occurs in-vivo or if some patient morphologies are more susceptible to this recirculation.  304 

At late decelerating systole, the vortices occurred on the distal region of the juncture 305 

between the aortic arch and the BCA in the compliant phantom. These vortices were caused 306 

by reversed flow in the BCA entering the aortic arch. This is most likely to have occurred in 307 

the compliant phantom as the flow momentum after the flow had ceased at the inlet would 308 

have drawn fluid from the aortic arch to the BCA and the distal end of the aortic arch. This 309 

would cause low pressure at the proximal end of the aortic arch that would be corrected by 310 

low rates of reversed flow during late systole.  The rigid phantom would have had the same 311 

effect, but due to the relative incompressibility of the working fluid, the reduction of the 312 

fluid momentum would have occurred quicker and would not have enabled the reversed 313 

flow. The reversed flow in the aortic arch during late decelerating systole, observed only in 314 

the compliant phantom, is in another risk region for stenosis development [41]. This 315 

important distinction across the rigid and phantom flow patterns further emphasises the 316 

importance of the compliant boundary condition. A rigid aortic model is not realistic and 317 

may miss important haemodynamic behaviour Further investigation should be made 318 

however to ascertain what affect the rigid/compliant boundary interface at the inlet has on 319 

this observed reversed flow . 320 

The regions of recirculation and flow separation observed in the compliant phantom at the 321 

BCA branch and inner wall of the arch is indicative of reverse flow, intermittent flow, and 322 

low WSS. These flow patterns are risk factors for CVD particularly when proximal to the 323 

lumen wall as they lead to plaque formation [25, 42-48]. Hence, the accurate identification 324 

of the occurrence of aberrations in WSS is critical for in-vitro studies to yield clinically 325 
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meaningful results. The correlation between the regions of recirculation found in this study 326 

and the high risk regions for stenosis formation determined in an ex-vivo rat model by 327 

Assemat, Armitage [49] does not necessarily enable a comprehensive proof of the model 328 

efficacy. However, the phenomenological equivalence across the studies with significant 329 

differences in design offers a degree of confidence in the ability of the compliant modelling 330 

approach to yield clinically meaningful results.  331 

This study chose to use an idealized geometry. This ensured accurate manufacturing of the 332 

phantom and thus, accurate fluid boundary interactions. However, this choice led to several 333 

trade-offs. The aorta has out-of-plane curvature which was ignored in this study. This out-334 

of-plane curvature may increase the flow helicity and reduce development of secondary or 335 

disturbed flows with disturbed or low WSS. Cunnane, Cunnane [50] investigated the effect 336 

of anastomosis angle on helical flow and area of suppressed shear. They reported that out 337 

of plane anastomosis curvature angle can increase the helical flow and reduce distribution 338 

of low/oscillating WSS. There was also a slight increase in resting diameter of the compliant 339 

model compared to the rigid due to fluid pressure. Future work may look to offset this in the 340 

phantom manufacture process. Additionally, the absence of the tricuspid valve would lead 341 

to an unphysiological flow into the aortic arch. This would be likely to affect the proximal 342 

flow region – particularly in systole. However, this region was generally free from flow 343 

patterns that might imply WSS aberrations in-vivo. Thus, the concern was limited. It should 344 

also be noted that the flow rate in the BCA was not controlled or directly measured. A 345 

constant head pressure downstream of the flow circuit provided the same back pressure for 346 

both BCA and the aortic arch. Future work may control the head pressures of the BCA and 347 

aortic arch individually to understand any affect this may have.   348 

It may also be reasonable to question why atherosclerosis is not more prevalent given 349 

relatively high-risk flow properties observed in this model of relatively healthy geometry 350 

and flow properties. There are two factors that have to be considered. Firstly, the out of 351 

plane curvature of an in-vivo aorta will lead to a washout of recirculation as a result of 352 

helical flow. Secondly, the level of oxLDL (oxidised low density lipoprotein) is also a 353 

determinant of plaque formation and is greatly affected by diet, gender and age [51-53]. 354 

Macrophage cells absorb oxLDL and generally have higher densities in these at risk regions 355 

[54, 55]. Progressive absorption of oxLDL results in generation of foam cells [56] that stick to 356 

arterial lumen, damage the endothelium cells and ultimately lead to symptomatic CVD.   357 

The similarity of flow patterns on the different measurement planes show the redundancy 358 

of undertaking PIV measurement for these planes. However, this study aimed to determine 359 

the flow patterns within the aorta and ultimately determined that for this particular 360 

geometry, there were no major flow patterns off the central plane that did not also exist on 361 

the central plane. There was some indication of Dean’s vortices. In particular, the flow 362 

tended distal on the off central planes and was slightly straighter in the central plane. 363 
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However, it seems that the nature of the pulsatile flow in the compliant phantom, and the 364 

geometry of the BCA prevented the establishment of strong Dean’s vortices. Dean’s vortices 365 

are driven by the different level of momentum in the central flow compared to the 366 

peripheral flow in a curved vessel. An increased Dean Number results in development of a 367 

stronger secondary flow. This secondary flow creates two counter-rotating flows transverse 368 

to the dominant flow direction and may lead to flow separation at high Dean numbers [57]. 369 

However, much of this flow is directed into the BCA and thus fails to recirculate around the 370 

peripheral regions. Therefore, matching the observed Dean number with the Dean number 371 

expected for a rigid aortic geometry with a BCA would not be informative. Furthermore, 372 

during diastole, the flow in the BCA is limited and establishment of weak vortices seems to 373 

occur. Overall, the out of plane flow, and flow fields off the central plane of the in-vitro 374 

model did not exhibit any clinically important dynamics. 375 

This study compared the haemodynamic flow fields generated by compliant and rigid 376 

phantoms of the ascending aorta arch and BCA and found significant differences across the 377 

haemodynamics across the models. The differences were most prominent in regions of the 378 

arterial wall that have been noted as high risk regions for plaque deposition and the onset 379 

of CVD. The outcomes of the study support previous findings that show pulsatile flow and 380 

compliant models are necessary when assessing haemodynamic flows. This study showed 381 

how haemodynamics in the aortic arch are heavily influenced by the compliance of the 382 

arterial structure. This has implications for the design and in-vitro testing of implant design. 383 

In particular, in-vivo animal studies limit observability of deleterious flow behaviours, and 384 

rigid in-vitro or in-silico can lack important flow features. Hence, compliant in-vitro studies 385 

should be used when informative observation of flow patterns is required. Hence, the 386 

design of in-vitro or in-silico haemodynamic experiments should incorporate physiological 387 

fluid-boundary interactions to maximise clinical insight and relevance. 388 

An ideal phantom geometry was used in this study, while the in-vivo geometry of aortic arch 389 

has out of plane tortuosity which may induce flow helicity. While this study could not 390 

capture such a flow behaviour, the aim was to provide general understanding of the flow 391 

phenomena at this arterial region.  The flow loop did not include a tricuspid valve and used 392 

a flow straighter leading to a developed flow at inlet. It is suggested in future studies that 393 

this should be incorporated to elucidate the affect it has on the flow field. 394 
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