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ABSTRACT

15 The biological leaflet valve is a structure found in blood vessels and the cardiac system, designed to maintain a unidirectional flow within the
16 vessels. Two filaments inspired by the biological leaflet are installed inside the channel, and behavior of two filaments is explored by using
17 immersed boundary method. It is observed that the filaments serve as a valve, maintaining the unidirectional flow inside the channel
18 depending on the length ðLÞ and the initial inclined angle ðhÞ of the filaments. The behavior of the filaments is classified into three modes
19 based on the flow characteristics around the filaments. The pressure and vorticity fields in the vicinity of the filaments are examined to
20 investigate the influence of the surrounding flow on the behavior of filaments. The present study reveals the time sensitivity of valve
21 response, the power consumption, and hydrodynamic efficiency (gV ;steady) of the filament valve, noting that the response speed of the
22 filament valve can vary up to 2.5 times depending on L and h. The dynamic behavior of the filament valve is analyzed with respect to changes
23 in the properties of the filaments, observing a monotonic decrease in hydrodynamic efficiency with an increase in the bending rigidity ðcÞ of
24 the filaments. As a result, the present study will be employed as a cornerstone in the development of a mechanical system that emulate
25 biological structures through biomimetics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0196671

26 I. INTRODUCTION
27 In the realm of various issues within the biological fluid flow,
28 hemodynamics encompasses the study of blood flow within the cardiac
29 system and blood vessels from the perspective of fluid mechanics. The
30 Graetz problem, which includes the circular ducts such as blood vessels
31 and channel, has been extensively studied and analyzed due to its sig-
32 nificance. Khan and co-workers (2019; 2022) scrutinized the Graetz
33 problem considering the non-Newtonian characteristics of blood.
34 Also, Khan et al. (2023a; 2023b) examined the difference between
35 blood flow and Newtonian fluid by assuming blood as a typical visco-
36 plastic fluid. Irregularities in the vascular structure or complex biologi-
37 cal structures within vessels cause flow resistance, influencing the
38 behavior of fluid flow within blood vessels. Asghar et al. (2023a;
39 2023b) assumed irregular wavy passages due to Cilia structures and
40 obtained velocity profile and pressure gradient on irregular passages.
41 Additionally, this research also incorporates magnetohydrodynamics
42 (MHD) by considering the non-Newtonian properties and electromag-
43 netic characteristics of blood. Conversely, many research focus on the
44 structural characteristics of the hemodynamic system and their roles in

45blood flow rather than issues in non-Newtonian behavior of blood
46flow. The hemodynamic system, which contains various complex bio-
47logical structures designed to maintain a unidirectional blood flow,
48was also characterized by high levels of durability and long-term oper-
49ational capacity over a lifetime, as noted by Sotiropoulos et al. (2016).
50The structural feature of the hemodynamic system aimed at maintain-
51ing a unidirectional blood flow is a valve formed through leaflet or
52bileaflet structures. The leaflet valve, evolved to regulate blood flow,
53can be broadly categorized into two types: one controlled by muscle
54tissue known as chordae tendineae, and the other composed solely of
55leaflets without muscle attachment. Chordae tendineae-attached leaflet
56valves were commonly observed in the cardiac system (Kunzelman
57et al., 2007; Sotiropoulos et al., 2016), AQ2while leaflet valves without chor-
58dae tendineae were found in vein valves or some portions of the car-
59diac system (Borazjani, 2013; Calandrini and Aulisa, 2019; and Hajati
60et al., 2020).
61Numerous studies were conducted to examine the fluid dynamic
62characteristics of chordae tendineae-attached leaflet valves (Pierrakos
63and Vlachos, 2006; Le and Sotiropoulos, 2013). A significant feature in
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64 leaflet valves was the formation of vortical structures through the
65 fluid–structure interaction, known as vortex rings (Zhang et al., 2019;
66 Zhang and Rival, 2020). The development of these vortex rings was
67 closely related to the development of the incoming jet flow into the
68 mitral valve (Watton et al., 2008). Querzoli et al. (2010) detected large-
69 scale coherent structures during diastole and analyzed the interaction
70 between these structures and the incoming jet, revealing that the jet
71 flow formed by the valve disrupts the formation of coherent structures
72 during diastole. Various approaches were made to implement the leaf-
73 let valve without chordae tendineae and to compare it with an actual
74 biological leaflet valve. Borazjani (2013) observed that vortical struc-
75 tures formed in mechanical leaflet valves break down into small-scale
76 vortices. Calandrini and Aulisa (2019) noted a decrease in backflow
77 through the leaflet valve with an increase in Young’s modulus. Hajati
78 et al. (2020) successfully analyzed the fatigue failure of leaflets using
79 von Mises stress with the velocity of blood through the leaflet valve.
80 Due to these characteristics, many attempts had been made to develop
81 mechanical heart valves mimicking leaflet valves (Pierrakos and
82 Vlachos, 2006; Wang et al., 2017), with efforts to analyze them using
83 computational fluid dynamics (Choi et al., 2014; Su et al., 2019; and
84 Lantz et al., 2021). For the analysis of such biological flows, including
85 blood flow through computational fluid dynamics, the implementation
86 of the fluid–structure interaction (FSI) is deemed essential to simulate
87 biological tissues and analyze their interactions with surrounding
88 flows.
89 Fluid–structure interaction (FSI) is widely used to analyze the
90 fluid flow around various biological tissues with soft body characteris-
91 tics. Due to these properties, numerous studies using FSI had been
92 conducted to interpret the propulsion mechanisms of various organ-
93 isms through biomimetics (Park and Sung, 2018; Ryu and Sung, 2019;
94 and Yang et al., 2021). FSI has also been employed for the purpose of
95 analyzing fluid flow within biological tissues. Recently, many studies
96 had applied fluid-flexible body interaction to analyze blood flow within
97 blood vessels (Borazjani, 2013; Calandrini and Aulisa, 2019; and Hajati
98 et al., 2020). Most research on hemodynamic flow through numerical
99 analysis focus on numerically calculating the structure of blood vessels,
100 including leaflets, and analyzing the flow characteristics within these
101 structures. This leads to the elucidation of the vortical structures
102 formed by leaflets and their roles. However, many studies consider
103 only the shape of biological leaflet valves present in blood vessel struc-
104 tures, resulting in relatively limited research on how valve efficiency
105 changes with leaflets of different lengths or inclined angles, as com-
106 pared to biological valves. From this perspective, the influence of

107biological structures such as leaflets on fluid flow is not yet fully under-
108stood. Particularly, the changes in fluid flow within blood vessels due
109to variations in the geometric characteristics of leaflet structures
110remain an important research topic.
111The objective of the present study is to implement the mechanical
112valve inside a channel flow by installing flexible filaments mimicking
113the leaflets of a biological leaflet valve without chordae tendineae.
114Since the fluid in many mechanical systems behaves in the form on
115Newtonian fluid, the characteristics of non-Newtonian fluid will be
116disregarded in the present study. A pair of clamped filaments with
117inclined angles will be installed inside the channel, and the fluid–struc-
118ture interaction between the filaments and the flow within the channel
119will be simulated. The penalty immersed boundary method will be
120employed to analyze the fluid flow within the channel. The biological
121leaflet valve operates based on the pressure gradient formed in the car-
122diac system. Hence, the channel flow in the present study will operate
123in two procedures. First, the channel flow will operate by a fixed scale
124of favorable pressure gradient until reaching a steady flow regime sub-
125sequently. Second, the channel flow will have a backflow by a fixed
126scale of adverse pressure gradient. Within the second procedure, the
127filament system will act as a mechanical valve through the deflection of
128filaments. The study will also analyze the changes in flow characteris-
129tics within the channel due to variations in the geometrical characteris-
130tics and physical properties of the filaments. The characteristics of the
131mechanical valve will be determined using the volume flow rate pass-
132ing through the channel, and valve efficiency will be applied to analyze
133the efficiency of the mechanical valve based on the properties of the fil-
134aments. Furthermore, the vorticity fields and pressure fields in the
135vicinity of filaments will be examined to analyze the influence of fila-
136ments in the mechanical valve. The present study will comprise four
137sections, including an Introduction. Section II contains the numerical
138setup for analyzing the fluid–structure interaction and governing equa-
139tions using the immersed boundary method. Section III discusses the
140analysis results for the mechanical valve composed of channels and fil-
141aments. The summary and conclusion of the present study will be pre-
142sented in Sec. IV.

143II. PROBLEM FORMULATION
144The problem addressed in the present study is composed of a
145two-dimensional channel flow operating under a pressure gradient and
146two flexible filaments clamped at the channel wall. This system simpli-
147fies the leaflet structure installed inside blood vessels into a filament
148form, and the overall schematic diagram of this system is shown in
149Fig. 1. The length of the filament is defined as L, and the initial inclined

FIG. 1. Schematic diagram of the two clamped filaments within the channel and boundary conditions of the channel.
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150 angle of the filament is defined as h. One end of the filament is
151 clamped to the wall with an inclined angle, while the other end is free
152 to move within the fluid flow. No-slip boundary condition is applied at
153 the wall of the channel, and pressure boundary conditions described in
154 Eq. (1) are imposed at the inlet and outlet of the channel. The initial
155 condition of the flow is quiescent but gradually developed under the
156 influence of a pressure gradient of flow domain. The pressure gradient
157 varies over time, initially operating with a favorable pressure gradient
158 to form a steady-state flow. After the flow reaches a steady-state, the
159 pressure gradient switches to an adverse pressure gradient of the same
160 magnitude as the favorable pressure gradient. If the influence of the fil-
161 aments is disregarded, the volume flow rate of the streamwise direction
162 gradually decreases under the influence of the adverse pressure gradi-
163 ent, eventually acquiring a negative value. In other words, a phenome-
164 non occurs where the flow direction in the streamwise direction
165 switches, which will be defined as a “backflow” in the present study.
166 Consequently, as the pressure gradient changes over time from a favor-
167 able pressure gradient to an adverse pressure gradient, the transition of
168 pressure gradient results in the “backflow” in the channel flow. The
169 time-dependent variation of the non-dimensionalized pressure gradi-
170 ent can be defined in the form of Eq. (1)

@p
@x

���
inlet

¼ � 2
Re

t < 100ð Þ ;
@p
@x

���
inlet

¼ 2
Re

t > 100ð Þ ;
@p
@x

���
outlet

¼ 0:

(1)

The motion of the filaments can vary depending on the internal pres-
171 sure changes and the geometric conditions of the filament ðL; hÞ in the
172 fluid flow. The filaments may exhibit a flapping motion within the
173 flow or remain in a deflected state. The interaction between the fluid
174 flow and the filament, which determines the state of motion of the fila-
175 ment, is obtained using the penalty immersed boundary method.
176 In the present study, the penalty immersed boundary (IB) method
177 was employed to examine the interaction between fixed filaments and
178 the surrounding flow, following the works of Peskin (2002), Huang
179 et al. (2007), Kim and Peskin (2007), and Huang and Sung (2009). In
180 the penalty immersed boundary method, the fluid flow is described by
181 the incompressible Navier–Stokes equations defined on an Eulerian
182 grid, while the motion of the elastic filaments is described by the elastic
183 motion equation defined on a Lagrangian grid. The governing equa-
184 tions that dictate fluid motion are outlined in Eqs. (2) and (3)

q0
@u
@t

þ u � ru

� �
¼ �rpþ lr2uþ f ; (2)

r � u ¼ 0; (3)

185 where u ¼ u; vf g, p, and l denote the velocity vector of fluid motion,
186 pressure, and dynamic viscosity for Newtonian fluid, respectively.
187 Additionally, f ¼ fx; fy

� �
represents the momentum forcing term to

188 the fluid motion exerted by a flexible body with a no-slip boundary
189 condition. The motion of flexible filaments within the fluid motion is
190 governed by the elastic motion equation, and the form of the govern-
191 ing equation is as presented in Eq. (4)

q1
@2X
@t2

¼ @

@s
r
@X
@s

� �
� @2

@s2
c
@2X
@s2

� �
� F; (4)

192where X ¼ Xðs; tÞ;Yðs; tÞ� �
represents the displacement vector of

193the filament, and s is a coordinate of the Lagrangian grid formed along
194the filaments. c represents the bending rigidity of flexible filaments,
195and F is the momentum forcing term to the flexible body exerted by a
196fluid motion on the Eulerian grid. In the present work, the non-
197dimensionalized bending rigidity of c ¼ 0:5 is utilized as a reference
198value, and it can vary from 0.1 to 0.6 to investigate the influence of
199bending rigidity on the behavior of filaments. Equations (2)–(4) can be
200nondimensionalized using corresponding scales for length, velocity,
201and pressure: length is scaled with the channel’s half-height H, velocity
202with the centerline velocity UCL of the fully developed channel flow,
203and time is defined by T ¼ H=UCL. The nondimensional governing
204equations defined in this manner are presented as Eqs. (5) and (6)

@u
@t

þ u � ru ¼ �rpþ 1
Re

r2uþ f ; (5)

@2X
@t2

¼ @

@s
r
@X
@s

� �
� @2

@s2
c
@2X
@s2

� �
� F; (6)

205where Re ¼ q0UCLH=l is the Reynolds number. The two ends of the
206flexible filament are composed of an inclined clamped condition and a
207free end. The inclined clamped condition, assigned at s ¼ 0, can be
208described as follows:

X ¼ X0;
@X
@s

¼ cos h sin hf g : (7)

209Furthermore, the free end condition, assigned at s ¼ L, can be
210described as follows:

r ¼ 0;
@2X
@s2

¼ 0;
@3X
@s3

¼ 0 : (8)

211The interaction between the fluid and the flexible body in Eulerian and
212Lagrangian grids can be handled using the Penalty IBM method
213(Goldstein et al., 1993; Huang et al., 2007). The magnitude of the force
214generated due to the fluid–flexible body interaction is defined as in
215Eq. (9)

F ¼ a
ðt
0
Uib � Uð Þdt0 þ b Uib � Uð Þ; (9)

216where a and b are set as very large negative constants. In the present
217study, ð a ¼ �1:5625� 106; b ¼ �78:125Þ are used to calculate
218the interaction forces, and these constants are defined and utilized
219based on the various studies (Shin et al., 2008; Lee et al., 2018; and
220Wang et al., 2020). U represents the velocity vector of the filament
221defined as U ¼ dX

dt , and Uib is defined as the fluid velocity at the
222immersed boundary obtained through the interpolation method. The
223relationship between the fluid velocity defined in the Eulerian grid and
224Uib can be defined using the Dirac delta function (Peskin, 2002)

Uib ¼
ð
X
u x; tð Þd X s; tð Þ � xð Þdx; (10)

225where X represents the Eulerian domain used for the interpolation,
226and x denotes the displacement vector of the fluid in the Eulerian grid.
227Utilizing this relationship, the displacement of the flexible body fila-
228ment over time can be defined as in Eq. (11)

Xnþ1
ib ¼ Xn

ib þ Unþ1
ib Dt; (11)
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229 where the superscript n denotes the properties of the nth time step.
230 Conversely, the momentum forcing terms defined in the Lagrangian
231 grid in Eqs. (9)–(11) need to be transformed into the Eulerian grid to
232 be integrated into the fluid governing equations. Therefore, the
233 Eulerian momentum forcing term f can be expressed as in Eq. (12)
234 through the Lagrangian forcing term F with the Dirac delta function

f x; tð Þ ¼ q
ð
C
F s; tð Þd x � X s; tð Þð ÞdC; (12)

235 where q ¼ q1=q0L represents the mass ratio (Eloy et al., 2007). Since
236 the magnitude of the inertial forces of the flexible body is less than for
237 the hydrodynamic forces for general cases, the present study utilized
238 q ¼ 1:0 (Daniel and Combes, 2002; Yeh and Alexeev, 2014).
239 In the present study, the fractional step method is employed to
240 discretize and analyze the governing equation of fluid motion, the
241 Navier–Stokes equation (Kim et al., 2002). The forms of the discretized
242 equations are presented in Eqs. (13) and (14)

unþ1 � un

Dt
þ Nunþ1 ¼ �Gpnþ

1
2 þ 1

2Re
Lunþ1 þ Lunð Þ þ fn þmbc;

(13)

Dunþ1 ¼ 0þ cbc; (14)

243 where N , G, L, and D are the linear operators, representing the convec-
244 tive operator, the gradient operator, the Laplacian operator, and the
245 divergence operator, respectively. The boundary conditions for the
246 governing equations are denoted as mbc and cbc. The Crank–
247 Nicolson scheme for time and the second-order central difference
248 scheme for space are applied for the discretization of the governing
249 equation. Additionally, the velocity and pressure terms were decoupled
250 using the block-upper decomposition with approximate factorization
251 during the discretization process with second-order accuracy (Kim
252 et al., 2002).
253 In the present study, the channel flow with Re ¼ 100 and
254 clamped filaments with a nondimensionalized bending rigidity of
255 c ¼ 0:5 are explored. Consequently, a no-slip boundary condition is
256 applied to the top and bottom surfaces of the channel flow. The pres-
257 sure conditions from Eq. (1) are imposed at the channel inlet and out-
258 let. To examine the influences of mesh resolution in Eulerian and
259 Lagrangian grids, trial calculations are conducted. Figure 2 illustrates
260 the variation in filament displacement with changes in the Eulerian
261 grid resolution and Lagrangian grid resolution. It is observed that a

262Lagrangian grid resolution of Ds=L smaller than 1/64 does not affect
263the analysis results, and an Eulerian grid resolution of Nx � Ny greater
264than 2049� 193 also does not affect the computation results. Based
265on the results in Fig. 2, this study used Ds=L ¼ 1=64 and Nx � Ny
266¼ 2049� 193 to ensure the accuracy of the computation results.

267III. RESULTS AND DISCUSSION
268The behavior of flexible filaments and fluid flow are scrutinized
269with the change of filament lengths ðLÞ and inclined angles ðhÞ.
270Assuming the initial state of the filaments as unbent, the maximum
271length of the flexible filaments is determined depending on the
272inclined angle. In the adverse pressure gradient flow region, changes in
273the length and inclined angle of the flexible filaments can either form a
274backflow due to the adverse pressure gradient or block the backflow
275due to the filament’s deflection. Figure 3 displays the examples of fila-
276ment deflection and volume flow rate with variations in the filament
277length and the inclined angle. Figures 3(a)–3(aii) depict the case where
278the length of the filaments is insufficiently elongated compared to the
279inclined angle. In the transient flow regime, the flow is formed by the
280favorable pressure gradient, eventually reaching the steady flow regime.
281As the volume flow rate rapidly decreases in the adverse pressure gra-
282dient regime, the filaments deflect toward the direction of backflow.
283However, since the length of the filaments is not sufficient, the state
284allowing backflow remains continuous. Consequently, the volume flow
285rate will ultimately reach another steady flow regime with a converged
286negative value.
287Figures 3(b)–3(bii) show the case where filaments of moderate
288length are provided for a given inclined angle. While the transient and
289steady flow regimes exhibit similar patterns, different phenomenon
290occurs in the adverse pressure gradient regime. The total volume flow
291rate, defined as the volume flow rate entering or exiting the channel at
292the inlet and outlet, and the volume flow rate across the filaments,
293defined as the flow through the space created between two filaments,
294are compared to investigate this phenomenon over time. As the fila-
295ments are sufficiently long, they deflect toward the backflow direction
296and eventually meet at a certain point. When the pathway between the
297two filaments vanishes, the volume flow rate across the filaments
298becomes zero. As a result, the two filaments act as a mechanical valve
299blocking the flow inside the channel. However, the total volume flow
300rate remains a small negative value, indicating that while there is no
301backflow between the filaments, the deflection of filaments in the back-
302flow direction still generates backflow. In Figs. 3(b) and 3(bii), the two

FIG. 2. The location of the end point of flexible filament at the (a) streamwise direction and (b) wall normal direction for various grid resolutions; (c) wall-normal direction for var-
ious mesh resolutions.
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303 filaments act as a valve but cannot completely prevent backflow
304 between them, as evidenced by the negative values of the volume flow
305 rate across the filament in Fig. 3(bii). However, if the filaments’ length
306 is significantly long compared to the given inclined angle, the two fila-
307 ments can completely block the backflow forming between them, act-
308 ing as a mechanical valve. Figures 3(c)–3(cii) show the physical
309 behavior in the case of very long filaments. In this case, the volume
310 flow rate across the filaments gradually attenuates to zero, and the
311 space between the two filaments disappears, acting as a mechanical
312 valve. Nevertheless, the total volume flow rate remains a small negative
313 value as the two filaments slightly deflect in the backflow direction,
314 pushing the flow toward the inlet. Considering all these results, the
315 flow can be categorized into three modes. Behavior of mode I is repre-
316 sented in Figs. 3(a)–3(aii). The length of the filaments is relatively short
317 in mode I. It prevents the filaments to function as a mechanical valve
318 within the channel flow. Consequently, the volume flow rate in the
319 adverse pressure gradient regime monotonically decreases, acquiring a
320 negative value under the influence of the adverse pressure gradient. It
321 implies that the flow direction through the filaments is native in the
322 streamwise direction. As a result, a flow opposite to that of the tran-
323 sient and steady flow regime is formed between the filaments, which
324 can be defined as a backflow. Behavior of mode II is depicted in Figs.
325 3(b)–3(bii). The filament length in mode II is relatively longer than in
326 mode I. Two filaments touch with each other at a certain time in the
327 adverse pressure gradient regime, blocking the flow and acting as a
328 mechanical valve within the channel flow. The volume flow rate con-
329 tinuously decreases to a negative value and then increases again, con-
330 verging to zero. It suggests that the flow between the filaments
331 momentarily adopts a negative in the streamwise direction but is

332ultimately blocked. Therefore, a backflow is formed during part of the
333adverse pressure gradient regime, while the filament system works as a
334mechanical valve. A monotonic decrement of the volume flow rate to
335zero and contact of the filaments by deflection occur simultaneously
336within the adverse pressure gradient regime. As a result, the flow
337between the filaments always maintains a positive value in the stream-
338wise direction before being ultimately blocked by the deflection of fila-
339ments. Hence, the filament system not only performs the role of the
340mechanical valve but also prevents backflow between the filament.
341Therefore, the present study classifies the flow modes based on the
342inclined angle and the filament length and analyzes the physical behav-
343ior of fluid for each corresponding mode. To this end, the start of the
344adverse pressure gradient regime t ¼ 100T will be defined as Ti;back,
345and the time when the two filaments meet and start acting as a
346mechanical valve will be defined as Tc;back.
347Figure 4(a) shows the variation in flow modes with changes in
348the inclined angle and the length of filaments. Here, the dashed line
349represents the longest length of filaments that do not interfere with
350each other without deflection, given the initial inclined angle condi-
351tion. Thus, the two filaments will inevitably cause deflection due to a
352mutual interference outside the dashed line. In this case, the interac-
353tion between flexible bodies must be considered, and additional power
354is required to overcome the filament deflection to initiate the flow.
355Hence, this area was not considered in the present study. In most areas
356where L=H ’ 1:0, the filaments do not act as a mechanical valve and
357exhibit behavior similar to that in Fig. 3(a) (mode I). Therefore, Tc;back
358is not defined and does not appear in Fig. 4(b). The filaments act as a
359mechanical valve but allow backflow through them during adverse
360pressure gradient regime, exhibiting behavior similar to Fig. 3(b) in

FIG. 3. Superposition of the flexible filaments from the initial and end states of adverse gradient flow for the cases of (a) h ¼ 40� and L ¼ 1:0H; (b) h ¼ 40� and L ¼ 1:1H;
and (c) h ¼ 40� and L ¼ 1:5H. The streamwise velocity ðuÞ around the filaments at the indicated time for the cases of (ai) h ¼ 40� and L ¼ 1:0H; (bi) h ¼ 40� and
L ¼ 1:1H; and (ci) h ¼ 40� and L ¼ 1:5H. Volume flow rate ðQÞ depending on the time for the cases of (aii) h ¼ 40� and L ¼ 1:0H; (bii) h ¼ 40� and L ¼ 1:1H; and (cii)
h ¼ 40� and L ¼ 1:5H.
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361 most other areas (mode II). Near the dashed line, the filaments display
362 behavior akin to Fig. 3(c) (mode III). In other words, there is no back-
363 flow between the filaments during the adverse pressure gradient
364 regime for filament configurations belonging to mode III. Since the fil-
365 aments act as a mechanical valve in modes II and III, Tc;back is defined,
366 but its value varies depending on the inclined angle and the filament
367 length. Figure 4(b) illustrates the variation in Tc;back with changes in
368 the inclined angle and filament length. Tc;back tends to decrease with a
369 longer filament length and a larger inclined angle. As a result, Tc;back

370 has a local minima at a specific h ¼ 90�, L=H ¼ 1= sin 80� � 1:02.
371 However, Tc;back changes gradually due to the intersection between the
372 filament length and the inclined angle near the dashed line, and it
373 increases sharply as the filament configurations move away from the
374 dashed line. The behavior of the filaments belongs to the one of three
375 modes depending on the changes in the inclined angle and filament
376 length, and the time Tc;back, when the filaments come into contact due
377 to the adverse pressure gradient, varies. Subsequently, the study inves-
378 tigates the variation in the forces acting on the filaments during the
379 adverse pressure gradient regime and the motion of the surrounding
380 fluid flow.
381 It is necessary to arrange the forces acting on filaments into nor-
382 mal and tangential forces to the filament. The forces acting on the
383 nodes of the filaments in the streamwise and wall-normal directions Fx
384 and Fy can be obtained by using Eq. (9). The forces normal or tangen-
385 tial to filaments exerted on the filament can be evaluated by using Fx ,
386 Fy , and the slope of filaments as shown in Eq. (15)

FT
FN

( )
¼ cos hs sin hs

�sin hs cos hs

" #
Fx
Fy

( )
; (15)

387 where hs denotes the slope of the filaments at the nodes. Figures 5(a)
388 and 5(b) show the normal and tangential forces acting on the filaments
389 in the steady flow regime. In the steady flow regime, the predominant
390 force on the filaments is the one maintaining their deflected state. As a
391 result, the normal component of force fN has a dominance influence in
392 the steady flow regime. It is also observed that the change in the dis-
393 placements of the filament’s line elements leads to variations in fN and
394 fT . As s moves from the clamped end ðs=H ¼ 0Þ toward the free end

395ðs ¼ LÞ, the magnitude of fN tends to decrease, while fT increases. It
396indicates that fN and fT are forces resulting from different factors origi-
397nated from the surrounding fluid flow. As the flow progresses from the
398steady flow regime to the adverse pressure gradient regime, the change
399in pressure gradient alters the flow direction. Consequently, the direc-
400tion of the forces acting on the filaments changes within the adverse
401pressure gradient regime. Figures 5(ai) and 5(bi) display the normal
402and tangential forces acting on the filaments at the time when the
403direction of these forces changes. Here, the normal component of force
404fN acting on the filaments converges to a value close to zero. It implies
405that the filaments are nearly in their initial state with minimal deflec-
406tion and almost no force acting on them from the surrounding fluid
407flow. However, significant magnitudes of fN and fT are still present at
408the free end of the filaments. It indicates that the surrounding fluid
409flow still affect the free end of the filaments. Notably, the time depicted
410in Figures 5(ai) and 5(bi) changes with the length of the filament, and
411this change is inversely proportional to Tc;back. Therefore, it is neces-
412sary to maintain the direction of the forces acting on the filaments as
413close as possible to that in the steady flow regime to minimize Tc;back.
414Figures 5(aii) and 5(bii) illustrate the normal and tangential compo-
415nents of forces acting on the filaments at Tc;back. Here, the tangential
416component of force fT shows a value close to zero. Consequently, the
417magnitude of the tangential force exhibits a monotonic decrease from
418the onset of the adverse pressure gradient regime similar to the case of
419the volume flow rate depicted in Fig. 3(cii). It suggests an existence of a
420positive correlation between the tangential force acting on the filament
421and changes in the velocity of the surrounding fluid flow. In contrast,
422the normal component of force fN is relatively very large, especially as
423the L=H decreases. Since the free ends of filaments come into contact
424with each other to function as a valve at Tc;back, it is evident that the
425deflection of the filaments increases as the decrement of the filament
426length. Notably, fN increases sharply near the free end filament ele-
427ments, more so as L=H decreases. It implies the existence of the rapidly
428changing flow or pressure fields in the vicinity of the free end leading
429to a sharp increase in filament deflection. Additionally, it indicates that
430the stresses exerted by fluid flow on the filaments increase significantly
431as L=H decreases, suggesting that shorter L=H is not desirable for the
432stability or durability of the filaments. As a result, it was possible to

FIG. 4. Phase diagram of the flow closure due to the motion filaments within adverse gradient flow state, (b) closure times ðTc;backÞ depending on the inclined angle ðhÞ, and
length of filaments ðLÞ.
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433 classify the forces acting on the filaments into normal and tangential
434 directions through Fig. 5. It can be inferred that these two types of
435 forces are generated due to two different factors on the fluid flow sur-
436 rounding the filaments. Subsequently, the study aims to analyze the
437 causes of the forces acting on the filaments by examining the vorticity
438 fields and pressure fields around the filaments.

439Figure 6 displays the distribution of the vorticity field around the
440filaments at the same time points as depicted in Fig. 5. Figures 6(a)–6(c)
441show the vorticity field distribution in the steady flow regime. The vorti-
442cal structures detaching from the free end of the filaments are similar to
443the vortex rings observed in a cardiovascular flow (Zhang et al., 2019;
444Zhang and Rival, 2020), and their mechanisms of formation can be

FIG. 6. Contour of xz for the case with L ¼ 1:1H at the (a) t=T ¼ Ti;back, (ai) between Ti;back and Tc;back, and (aii) t=T ¼ Tc;back; For the case with L ¼ 1:3H at the (b)
t=T ¼ Ti;back, (bi) between Ti;back and Tc;back, and (bii) t=T ¼ Tc;back; For the case with L ¼ 1:5H at the (c) t=T ¼ Ti;back, (ci) between Ti;back and Tc;back, and (cii)
t=T ¼ Tc;back. Inclined angles h are 40� for all cases.

FIG. 5. Normal components of the force along the filament at (a) t=T ¼ Ti;back, (ai) between Ti;back and Tc;back, and (aii) t=T ¼ Tc;back, Tangential components of the force
along the filaments at (b) t=T ¼ Ti;back, (bi) between Ti;back and Tc;back, and (bii) t=T ¼ Tc;back. Inclined angles h are 40� for all cases.
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445 considered analogous. The vortex ring formed at this time significantly
446 influences the volume flow rate by developing a jet flow through the fila-
447 ments (Querzoli et al., 2010; Le and Sotiropoulos, 2013). Since the vol-
448 ume flow rate increases significantly around the filaments, the resultant
449 vortex ring is well-developed, and the vortex ring is elongated along the
450 streamwise direction. The intensity of the vortex ring has local maxima
451 around the free end of the filaments. Moreover, as the vortex ring devel-
452 ops along the filaments, it can be associated with the behavior of fila-
453 ments at all points. Figures 6(ai), 6(bi), and 6(ci) show the distribution
454 of the vorticity field around the filaments at the same time points as
455 Figs. 5(ai) and 5(bi). Due to the adverse pressure gradient, the flow rate
456 is significantly weakened, resulting in a much weaker intensity and
457 development of the vortex ring compared to Figs. 6(a)–6(c).
458 Additionally, since the vortical structure forms only near the free end of
459 the filaments, the interaction between the vortical structure and the fila-
460 ments is limited to the vicinity of the free end of filaments. Furthermore,
461 it can be observed that as the length of the filaments increases, the inten-
462 sity of the vortex ring formed near the free end weakens. This implies
463 that at the time points of Figs. 6(ai), 6(bi), and 6(ci), the interaction
464 between the filaments and the vortical structures diminishes as the
465 length of the filaments increases. Figures 6(aii), 6(bii), and 6(cii) illustrate
466 the distribution of vorticity field around the filaments at Tc;back. In
467 Fig. 6(aii), since Tc;back is relatively large, it can be inferred that the vortex
468 ring has significantly weakened or even disappeared. Additionally, the
469 formation of vortical structures induced by a relatively strong backflow
470 is observed in the front part of the filaments. In Figs. 6(bii) and 6(cii),
471 while a vortex ring is still present behind the filaments, its size is greatly
472 diminished. The vortex rings formed at Tc;back are more a result of the
473 circulation of the fluid flow along the filaments rather than the volume
474 flow rate passing through the filaments. The vortex ring is not attached
475 to the filaments but are positioned relatively far from them, and their
476 intensity remains much weaker compared to the cases of Fig. 6(aii), 6
477 (bii), and 6(cii). It indicates that the interaction between the filaments
478 and the vortical structures is either non-existent or significantly reduced
479 at the result of Fig. 6(aii), 6(bii), and 6(cii). In summary, based on the
480 results presented in Fig. 6, the following can be concluded: (i) During
481 the adverse pressure gradient regime, the magnitude of interaction

482between the filaments and vortical structures decreases monotonically.
483(ii) The interaction between the filaments and vortical structures mainly
484occurs near the free end of the filaments with relatively weaker interac-
485tions near the clamped end. This aligns well with the trends of fT
486observed in Fig. 5. Notably, the direction of the tensile force exerted on
487the filaments in Figs. 5(b) and 5(bi) coincides with the direction of the
488vortical structures seen in Fig. 6. It suggests that the tangential force on
489the filaments is primarily a viscous force generated by the vortical struc-
490tures. While the vortical structures shown in the vorticity fields explain
491the fT acting on the filaments well, the behavior of the vortical structure
492does not sufficiently account for normal components of force exerted on
493the filaments. Therefore, subsequent analysis will focus on investigating
494the forces acting on the filaments through the pressure fields around the
495filaments.
496Figure 7 displays the pressure field distribution at the same time
497and locations as in Figs. 5 and 6. Figures 7(a)–7(c) show the distribu-
498tion of pressure field around the filaments within the steady flow
499regime. A monotonic decrease in the pressure field is observed along
500the streamwise direction due to the favorable pressure gradient. The
501pressure difference around the filaments is greatest near the clamped
502end and smallest near the free end, implying that the force exerted on
503the filaments by the pressure is largest near the clamped end and
504smallest near the free end. Figures 7(ai), 7(bi), and 7(ci) correspond to
505the same time as Figs. 5(ai), 5(bi), 6(ai), 6(bi), and 6(ci), showing the
506pressure field distribution. The difference in the pressure field magni-
507tude across the filaments is maintained at a very weak level. It indicates
508that the force generated by the pressure difference around the fila-
509ments is relatively small. For the case of relatively short filament
510lengths [L ¼ 1:1H in Fig. 7(ai)], the absence of a significant pressure
511field difference around the filaments suggests that the force due to
512pressure difference is almost negligible. It can be inferred that as fila-
513ment length decreases, the magnitude of the force exerted on the fila-
514ments by pressure during the adverse pressure gradient regime is likely
515to decrease. Figures 7(aii), 7(bii), and 7(cii) illustrate the distribution of
516the pressure field around the filaments at Tc;back. The pressure distribu-
517tion at Tc;back shows a monotonic increase along the streamwise direc-
518tion due to the influence of the adverse pressure gradient and the

FIG. 7. Contour of pressure for the case with L ¼ 1:1H at the (a) t=T ¼ Ti;back, (ai) between Ti;back and Tc;back, and (aii) t=T ¼ Tc;back; For the case with L ¼ 1:3H at the (b)
t=T ¼ Ti;back, (bi) between Ti;back and Tc;back, and (bii) t=T ¼ Tc;back; For the case with L ¼ 1:5H at the (c) t=T ¼ Ti;back, (ci) between Ti;back and Tc;back, and (cii)
t=T ¼ Tc;back. Inclined angles h are 40� for all cases.
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519 filaments acting as a mechanical valve. Similar to Figs. 7(ai), 7(bi), and
520 7(ci), the pressure difference around the filaments at Tc;back increases
521 as the filament length decreases. Notably, the pressure difference
522 increases significantly near the free end rather than the clamped end,
523 likely due to the pressure being transmitted along the circulation of the
524 flow around the filaments shown in Fig. 6. In summary, based on the
525 results from Fig. 7: (i) In the steady flow regime, the interaction
526 between the pressure field and the filaments strengthens as the fila-
527 ment length increases, especially reaching maximum values near the
528 clamped end. (ii) In the adverse pressure gradient regime, this interac-
529 tion weakens as the filament length increases, with the minimum val-
530 ues occurring near the clamped end. These results show the good
531 agreements with the trend of fN shown in Fig. 5. Particularly, the
532 regions of sharp increase in pressure difference in Figs. 7(aii), 7(bii),
533 and 7(cii) coincide with the regions of rapid increase in fN in
534 Fig. 5(aii). It suggests that the normal force acting on the filaments is a
535 pressure force formed due to the pressure difference across the
536 filaments.
537 The variation in the forces acting on the filaments due to changes
538 in the filament length can be explained using the vorticity and pressure
539 fields. However, the behavior of the filaments during the adverse pres-
540 sure gradient regime and Tc;back are influenced not only by the filament
541 length but also by the inclined angle. Figure 8 illustrates the variation
542 in the forces acting on the filaments classified into normal and tangen-
543 tial components with changes of the inclined angle. Figures 8(a) and
544 8(b) show the normal and tangential component forces acting on the
545 filament elements in the steady flow regime. It indicates that an

546increment of the inclined angle enhances the forces exerted on the fila-
547ments. The variation in normal and tangential components of forces
548due to changes in the inclined angle is more significant than that in the
549filament length, as seen in Fig. 5. It suggests that the mechanical valve
550system composed of two filaments is more sensitive to changes in the
551inclined angle than the length of filament. Figures 8(ai) and 8(bi) show
552the variation in forces acting on the filaments at the time when the
553direction of the forces is altered. The forces exerted on the filaments
554are almost negligible excluding the free end of filaments, similar to the
555result of Figs. 5(ai) and 5(bi). It implies that the filaments are in a state
556similar to their non-deflected initial condition. Additionally, t=T at
557Figs. 8(ai) and 8(bi) varies with changes of the inclined angle, and this
558variation is inversely proportional to Tc;back. It implies that an incre-
559ment of the inclined angle has a similar influence on an increment of
560the filament length. Figures 8(aii) and 8(bii) classify the components of
561forces exerted on the filaments at Tc;back into normal and tangential
562components. The forces vary with the displacements of the line ele-
563ments similar to the result of Figs. 5(aii) and 5(bii), but the increment
564in fN around the free end of filaments is more abrupt. It reveals that
565the valve system composed of filaments is more sensitive to changes in
566the inclined angle than to the filament length, and that decreasing the
567inclined angle to reduce the filament load in the steady flow regime
568may significantly increase the filament load in the adverse pressure
569gradient regime.
570The variations of the normal and tangential components of forces
571exerted on filaments can be analyzed by using vorticity and pressure
572fields for the changes of the inclined angle, as shown in Figs. 6 and 7.

FIG. 8. Normal components of the force along the filament at (a) t=T ¼ Ti;back, (ai) between Ti;back and Tc;back, and (aii) t=T ¼ Tc;back, Tangential components of the force
along the filaments at (b) t=T ¼ Ti;back, (bi) between Ti;back and Tc;back, and (bii) t=T ¼ Tc;back. Length of filaments L are 1:3H for all cases.
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573 Figure 9 represents the vorticity field around filaments at the same
574 instance as Fig. 8. Figures 9(a)–9(c) reveal the vorticity field in the
575 steady flow regime. Figures 9(a)–9(c) clearly illustrate the vortex ring,
576 similar for the case of the length of filaments shown in Figs. 6(a)–6(c).
577 The intensity of the vortex ring is amplified with an increment of the
578 inclined angle, especially near the free end of the filaments. The trend
579 of the tangential force fT shows similar trends with a result in Fig. 8(b),
580 matching the vorticity field around the filaments. Since fT is very small
581 in Fig. 8(bi), the corresponding vortex ring should be weakened com-
582 pared to the results in Figs. 9(a)–9(c). Figures 9(ai), 9(bi), and 9(ci)
583 substantiate it. Vortex ring with a weak level only resides in the vicinity
584 of the free end of filaments. The intensity of the vortex ring diminishes
585 with increasing inclined angle. It is also coincide with weak fT near the
586 free end of the filaments in Fig. 8(bi). The intensity of vortex ring is
587 either greatly weakened or diminished, or detached from the free end
588 of the filaments at Tc;back, as shown in Figs. 9(aii), 9(bii), and 9(cii). It
589 is also coincide with the near-zero magnitude of fT in Fig. 8(ci).
590 The remaining weakened vortex ring appears to be formed not by the

591volume flow rate, as in Fig. 6, but by flow circulation along the fila-
592ments. Additionally, a vortical structure in Fig. 9(aii) is formed at the
593front of the filaments similar to Fig. 6(aii). Likewise, the front vortical
594structure in Fig. 9(aii) is formed by the backflow during the adverse
595pressure gradient regime due to the large Tc;back.
596In Fig. 8, the normal force fN on filaments can be examined by
597using the distribution of the pressure field around the filaments.
598Similar approaches can be employed to investigate the distribution of
599the pressure field in Fig. 10. The distribution of pressure fields in the
600steady flow regime can be seen in Figs. 10(a)–10(c), where the pressure
601distribution shows a monotonic decrease along the streamwise direc-
602tion. Additionally, the pressure difference formed across the filaments
603increases with the increment of the inclined angle. Trends of the pres-
604sure difference resembles with the variation of fN in Fig. 8(a), similar
605to the results of Figs. 7(a)–7(c). The pressure difference shows the
606abrupt increment around the clamped end and decrement in the vicin-
607ity of the free end of the filaments. It indicates that the fN primarily
608arises from the pressure difference acting on the filaments within the

FIG. 9. Contour of xz for the case with h ¼ 30� at the (a) t=T ¼ Ti;back, (ai) between Ti;back and Tc;back, and (aii) t=T ¼ Tc;back; For the case with h ¼ 40� at the (b)
t=T ¼ Ti;back, (bi) between Ti;back and Tc;back, and (bii) t=T ¼ Tc;back; For the case with h ¼ 50� at the (c) t=T ¼ Ti;back, (ci) between Ti;back and Tc;back, and (cii)
t=T ¼ Tc;back. Length of filaments L are 1:3H for all cases.

FIG. 10. Contour of pressure for the case with h ¼ 30� at the (a) t=T ¼ Ti;back, (ai) between Ti;back and Tc;back, and (aii) t=T ¼ Tc;back; For the case with h ¼ 40� at the (b)
t=T ¼ Ti;back, (bi) between Ti;back and Tc;back, and (bii) t=T ¼ Tc;back; For the case with h ¼ 50� at the (c) t=T ¼ Ti;back, (ci) between Ti;back and Tc;back, and (cii)
t=T ¼ Tc;back. Length of filaments L are 1:3H for all cases.
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609 steady flow regime. Figures 10(ai), 10(bi), and 10(ci) represent the
610 pressure field at the same instance as Figs. 8(ai), 8(bi), 9(ai), 9(bi), and
611 9(ci). Since the magnitude of fN in Fig. 8(ai) is nearly zero, the pressure
612 difference across the filaments in Figs. 10(ai), 10(bi), and 10(ci) is
613 maintained at a low level. In cases of a relatively large inclined angle
614 ðh ¼ 50�Þ, the pressure difference around the filaments is significant.
615 It coincides with the increment of fN in Fig. 8(ai) for the same inclined
616 angle. The pressure fields at Tc;back are illustrated in Figs. 10(aii),
617 10(bii), and 10(cii). The pressure difference across the filaments
618 increases sharply with the decrement of the inclined angle, similar to
619 the case when the length of filament decreases. Additionally, the pres-
620 sure difference across the filaments increases from the clamped end to
621 the free end, consistent with the trend of fN in Fig. 8(aii). In summary,
622 the forces exerted on the filaments due to changes of the inclined angle
623 are mainly affected by fN from the surrounding pressure fields and fT
624 from the vorticity fields. Both the inclined angle and the filament
625 length, which determine the geometrical shape of the filament valve
626 system, are primary variables affecting the forces exerted on the fila-
627 ments through pressure and vorticity fields considering the results
628 from Figs. 5–7. Based on these results, we will propose indicators for
629 evaluating the efficiency of the filament system using mechanical fac-
630 tors such as volume flow rate through the filament system, Tc;back, and
631 power consumption. It will lead to presenting an optimized configura-
632 tion of the filament valve system based on the inclined angle and
633 length of the filaments.
634 As shown in Fig. 4, the behavior of filaments depending on their
635 configuration can be classified into three modes. Filaments should be
636 acted as a mechanical valve for modes II and III. For the case of fila-
637 ments belong to modes II and III, the efficiency of a mechanical valve
638 can be defined. Various approaches had been proposed to define the
639 efficiency of a mechanical valve. Pierrakos and Vlachos (2006) pro-
640 posed hydrodynamic efficiency for biological leaflet valves. The defini-
641 tion of hydrodynamic efficiency is given in Eq. (16)

gV ¼ UsefulWork
UsefulWorkþWasted Energy

: (16)

642 In the present study, useful work is defined as the kinetic energy of the
643 flow passing through the valve, while wasted energy encompasses the
644 energy expended in viscous dissipation, frictional drag at the channel
645 wall, and the work done to deflect the filaments. The sum of useful
646 work and wasted energy equals the total work used to operate the
647 mechanical valve including both the filaments and the channel. The
648 magnitude of total work can be evaluated by using the 1st law of ther-
649 modynamics, as expressed in Eq. (17)

_Wvalve ¼ _mfluid
poutlet � pinlet

qfluid
þ u2

outlet � u2
inlet

2

 !
; (17)

650 where — indicates the time-averaged properties. According to the
651 principle of mass conservation, the flow rate passing through the inlet
652 and outlet of the channel is identical, leading to the relationship
653 uoutlet ¼ uinlet . Consequently, the hydrodynamic efficiency can be sim-
654 plified and expressed as shown in Eq. (18)

gV ¼ _mfluid � u2
valve

2 _Wvalve
: (18)

655The hydrodynamic efficiency defined in Eq. (18) can be interpreted
656as the ratio between the kinetic energy of the flow passing through
657the valve and the power consumption required to pass the flow
658through the filament valve. The hydrodynamic efficiency during the
659steady flow regime should be employed by using Eq. (18). On the
660other hand, the adverse pressure gradient during the adverse pressure
661gradient regime is formed due to unintended external perturbation
662rather than as a part of desirable work. Consequently, the hydrody-
663namic efficiency during the adverse pressure gradient regime can be
664defined as the ratio between the power consumption during the
665steady flow regime and the average kinetic energy of the flow during
666the adverse pressure gradient regime. It can be simplified and defined
667as Eq. (19)

gV ;back ¼
0:5 � _mfluid;back � u2valve;back

_Wvalve;steady
: (19)

668Figure 11(a) demonstrates the magnitude of power consumption
669by the filament valve and channel within the steady flow regime. It
670reveals that as the inclined angle of the filament increases, the power
671consumption of the mechanical filament valve also increases.
672Furthermore, an increment of the length of the filaments increases
673the power consumption for a constant inclined angle. It indicates that
674the most critical geometric variable determining the performance of
675the mechanical valve is the inclined angle for the perspective of energy
676consumption. The increase in power consumption with the inclined
677angle is due to various factors. Figure 9 shows that as the inclined angle
678increases, the vortex ring formed by the filaments becomes more pro-
679nounced. This implies that part of the power consumption is used to
680develop the vortical structure with increasing inclined angle. Also, a
681larger inclined angle forms the larger deflection of filament to reach
682the steady flow regime, as evidenced by the increase in fN in the steady
683flow regime shown in Fig. 8. Therefore, part of the power consumption
684is also used to maintain the elastic energy due to deflection of the fila-
685ments. An increase in the length of filaments shows a similar trend to
686the increase in the inclined angle, as seen in Figs. 5 and 6. However,
687the flow parameter changes more sensitively with an increment of the
688inclined angle than of the filament length. It leads to a more sensitive
689response in power consumption to changes in the inclined angle.
690Consequently, the hydrodynamic efficiency in the steady flow regime
691is more sensitive to changes of the inclined angle than changes of fila-
692ments length. Figure 11(b) displays the hydrodynamic efficiency dur-
693ing the steady flow regime. Hydrodynamic efficiency appears to be
694inversely proportional to power consumption. It suggests that most of
695the variation in power consumption shown in Fig. 11(a) does not con-
696tribute to the kinetic energy of the flow. Therefore, maintaining a
697smaller inclined angle in a filament valve system is advantageous from
698an efficiency perspective without considering backflow issues. Figure
69911(c) displays the hydrodynamic efficiency of the filament valve during
700the adverse pressure gradient regime. The results in Fig. 11(c) indicate
701that the hydrodynamic efficiency is more influenced by the filament
702length than by the inclined angle within the adverse pressure gradient
703regime. The hydrodynamic efficiency is maintained at a very low level
704in the region where both the inclined angle and the filament length are
705small, which belongs to mode II and is close to mode I in Fig. 4. It is
706due to the high level of backflow caused by a relatively large Tc;back in
707this region. Conversely, the region with very large inclined angles also
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708 shows relatively low hydrodynamic efficiency because of the high
709 power consumption required by the filament valve in this region.
710 Additionally, the performance of the filament valve can be evaluated
711 based on how much of the kinetic energy formed during the steady
712 flow regime is maintained during the adverse pressure gradient regime.
713 Figure 11(d) shows the ratio of kinetic energy between the steady flow
714 regime and the adverse pressure gradient regime. The ratio between
715 kinetic energies is inversely proportional to the Tc;back pattern shown
716 in Fig. 4(b). Consequently, Fig. 11 implies the following: For flow sys-
717 tems that frequently experience backflow or are very sensitive to back-
718 flow, it is necessary to minimize backflow caused by unintended
719 adverse pressure gradients. Such flow systems might reasonably choose
720 filament valves with a high inclined angle and the corresponding fila-
721 ment length, even if this results in higher power consumption. On the
722 other hand, for flow systems that are less sensitive to backflow, it
723 would be rational to choose filament valves with a low inclined angle
724 and a very long filament length, characteristics that generally result in
725 lower power consumption.
726 The performance of a filament valve is influenced not only by its
727 geometric structure but also by the properties of the filament material.
728 Figure 12 shows the changes in the performance of the filament valve
729 with variations in one of the key material properties: bending rigidity.
730 An increase in bending rigidity implies an increment of the flow resis-
731 tance of the filaments against the flow. Therefore, it is reasonable to
732 expect that the power consumption of the filament valve increases

733with an increment of bending rigidity. The relationship between
734bending rigidity and the power consumption of the filament valve is
735depicted in Fig. 12(a). Hydrodynamic efficiency in the steady flow
736regime should exhibit a decreasing trend with an increment of bend-
737ing rigidity because of the higher power consumption due to the
738increment of flow resistance. The tendency in hydrodynamic effi-
739ciency is presented in Fig. 12(b). As the influence of increased power
740consumption due to bending rigidity is predominant, the hydrody-
741namic efficiency in the adverse pressure gradient regime also tends to
742decrease monotonically, which can be verified in Fig. 12(c). Since
743hydrodynamic efficiency is predominantly affected by power con-
744sumption, the ratio of hydrodynamic efficiency between the steady
745flow regime and the adverse pressure gradient regime can be used to
746assess the volume flow rate or the kinetic energy of the flow. Figure
74712(d) shows the ratio of hydrodynamic efficiency between these two
748regimes. The rate of deflection change in the filaments due to the
749adverse pressure gradient is attenuated with an increment of bending
750rigidity, resulting in an increment of Tc;back and a decrement of the
751accumulated volume flow rate passing through the filaments due to
752backflow. These results are consistent with the works of AQ6Calandrini
753and Aulisa (2019), which revealed that an increase in Young’s modu-
754lus leads to a decrease in the accumulated volume flow rate through
755the valve. Therefore, in most ranges of bending rigidity, the ratio of
756hydrodynamic efficiency tends to decrease with an increase in bend-
757ing rigidity. Conversely, when bending rigidity is very low, the

FIG. 11. (a) Average power consumption during the steady flow regime ð _W valve;steadyÞ, (b) Average hydrodynamic efficiency during the steady flow regime ðgV ;steadyÞ,
(c) Average hydrodynamic efficiency during the adverse pressure gradient regime ðgV;backÞ, and (d) gV;back=gV ;steady depending on the length of filaments ðLÞ and inclined
angle ðhÞ.
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758 magnitude of backflow reduces, but the accumulated volume flow
759 rate decreases or converges due to the small Tc;back. Hence, in cases of
760 very low bending rigidity, the ratio of hydrodynamic efficiency
761 decreases as bending rigidity decreases.

762 IV. SUMMARY AND CONCLUSIONS
763 The behavior of a mechanical filament valve, mimicking a biolog-
764 ical leaflet valve, is analyzed using the immersed boundary method. As
765 a favorable pressure gradient is applied in the channel, the two fila-
766 ments clamped on the channel wall allow the flow to pass through the
767 channel. However, the two filaments prevent the flow within the chan-
768 nel when the adverse pressure gradient is applied in the channel. These
769 behaviors of the filaments vary depending on the length of filaments
770 ðLÞ and the initial inclined angle of filaments ðhÞ. It can also be classi-
771 fied into three modes based on the difference in volume flow rates
772 passing through the filaments: Mode I, where filaments fail to act as a
773 mechanical valve and allow the backflow through the channel; mode
774 II, where filaments act as a mechanical valve and allow the backflow in
775 some section; and mode III, where filaments act as a mechanical valve
776 and prevent the backflow. For the case of modes II and III, the time
777 when the flow within the channel is blocked by the filaments can be
778 defined as Tc;back. Tc;back varies with changes in L and h, and maximum
779 values of Tc;back is 2.5 times larger than its minimum values. This varia-
780 tion of Tc;back occurs due to the changes in the magnitude and direc-
781 tion of forces acting on the filaments. The forces acting on the
782 filaments are scrutinized using the forces in tangential ð fTÞ and nor-
783 mal ð fNÞ directions, and fN has a dominant influence on the deflection

784of filaments. fN tends to decrease gradually with increasing L and
785shows a similar trend with increasing h at Tc;back. Vorticity fields in the
786vicinity of filaments show that the forces in the tangential direction
787ð fTÞ are organized with the vortical structures formed by the behavior
788of filaments, known as the vortex ring. On the other hands, pressure
789fields around the filaments insist that the forces in the normal direction
790ð fNÞ are associated with the distribution of pressure fields around the
791filaments. The filaments not only act as a valve against the flow created
792by the adverse pressure gradient but also serve as a flow resistance
793against flow created by the favorable pressure gradient. Hydrodynamic
794efficiency ðgV ;steadyÞ of the filaments against the flow by favorable gra-
795dient is defined, and the changes in gV ;steady with variations in L and h
796are observed. The local maximum hydrodynamic efficiency occurs at
797ð L h Þ ¼ ð 1= sin 60� 30� Þ, and the local minimum at ð L h Þ
798¼ ð 1= sin 80� 80� Þ, with a difference of about 5.0 times. The ratio of
799kinetic energy in the flow during the adverse pressure gradient regime
800and steady flow regime ðgV ;back=gV ;steadyÞ is employed to analyze the
801efficiency of filaments as a mechanical valve. The maximum value of
802gV ;back=gV ;steady is observed at ð L h Þ ¼ ð 1= sin 80� 80� Þ, and the
803minimum value of ðgV ;back=gV ;steadyÞ occurs at ð L h Þ
804¼ ð1=sin 60� 30� Þ. It shows the opposite trends to the change of
805gV ;steady , and Tc;back. It implies that reducing the flow resistance of the fila-
806ment valve and the time sensitivity of the valve response is not possible
807simultaneously. The changes of gV ;steady and gV ;back=gV ;steady are scruti-
808nized with the variation in the bending rigidity ðcÞ of the filaments.
809gV ;steady shows amonotonic change with a change of bending rigidity, but
810gV ;back=gV;steady reaches its maximum value in the vicinity of c ¼ 0:2. 811

FIG. 12. (a) Average power consumption during the steady flow regime ð _W valve;steadyÞ, (b) average hydrodynamic efficiency during the steady flow regime ðgV ;steadyÞ, (c) aver-
age hydrodynamic efficiency during the adverse pressure gradient regime ðgV;backÞ, and (d) gV ;back=gV;steady depending on the bending rigidity.
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