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1. Introduction

Despite the widespread use of metallic implants in orthopedic 
surgery and dentistry, gaps remain in our understanding of the biol-
ogy of bone-implant integration, or osseointegration. Fundamental 
questions exist about osseointegration, including whether bone-im-
plant integration differs from natural bone healing, why bone forma-
tion initiates at the implant interface and concentrically distant from 
the implant surface, and why bone remodeling and resorption vary 
in different regions around the implant[1–3]. Although the design of 
implant screw threads has been refined from a mechanical perspec-

tive for better initial implant stability, the biological impact of thread 
design has not been explored. Various implant surfaces have been 
developed to accelerate and enhance bone-implant integration, but 
the biological mechanisms underpinning these improvements have 
yet to be fully investigated[4–26].

Ultraviolet (UV) light has recently been used to favorably 
modify implant surfaces[2,3,27–50]. For example, titanium surfaces, 
regardless of their surface texture, are hydrophobic (H2O contact 
angle ≥60°), and treating these surfaces with UV light converts 
them to a superhydrophilic state with a contact angle of ≤5° or 0° 
for the majority of currently used titanium surfaces[30,51–63]. This 
UV-induced hydrophilic conversion also occurs with other implant 
materials including titanium alloy, chromium-cobalt alloy, and zirco-
nia[29,38,39,41,42,44,45,47,64–68]. These superhydrophilic implant 
surfaces promote cell attachment and increase the speed and per-
centage of bone coverage around the implants[2,3,9,30,32,34,69–72]. 
Osteogenesis around superhydrophilic implants is concentrated at 
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the implant interface, with rapid bone remodeling in areas slightly 
distant from the implant surface[3,30]. However, how the super-
hydrophilic implant surface controls these biological processes is 
currently unknown, although it is speculated that the superhydro-
philic surface prevents air bubble formation at the implant interface, 
thereby ensuring blood access[41,49,51,59,73].

We hypothesized that implant morphology and surface hydro-
phobicity or hydrophilicity alter blood flow and coordinated protein 
movement. However, examining these biological events around 
implants in vivo is extremely difficult. We therefore created an in silico 
implant model using computational fluid dynamics (CFD) and ana-
lyzed the concentration, vectors, and other fluid behaviors of blood 
and fibrinogen around hydrophobic and superhydrophilic implants, 
with fibrinogen chosen as a model protein as it plays a significant 
role in bone healing.

2. Materials and methods

2.1. Hydrophobic-to-superhydrophilic conversion of implant surfaces

Hydrophobicity or hydrophilicity was quantified by measuring 
the contact angle of 10 μL of ddH2O placed on 20 mm diameter grade 
4 titanium disks prepared by machining and commercially available 
dental implants (Brånemark System, diameter, 3.75 mm and length 
13 mm; Nobel Biocare, Yorba Linda, CA). As-received control titanium 
and UV-treated titanium were tested. Ultraviolet treatment was 
conducted by irradiating a combination of UVA and UVC for 20 min.

2.2. Computational fluid dynamics implant model

A screw-shaped geometric model was created using ANSYS 
Design Modeler (2019 R1; ANSYS Inc., Canonsburg, PA) to mimic the 
peri-implant local environment (Fig. 1A). The model consisted of 

Fig. 1. Computational fluid dynamics (CFD) model of a screw-shaped implant to simulate the interaction between blood and im-
plant morphology and surface hydrophilicity. (A) Dimensions of an implant and surrounding local environment in the model, with 
boundary conditions. (B) Meshing to generate triangular cells. (C) The definition of the three different zones to analyze blood and 
protein dynamics. (D) Hydrophobicity or hydrophilicity measurements of implant materials. Side-view photographs of 10 μL of 
ddH2O placed on titanium disks and screw-shaped dental implants. As-received and UV-treated titanium materials were tested.
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five threads and four boundaries: blood inlet, bone, blood outlet, 
and implant surface. The model was subjected to mesh generation 
using ANSYS meshing, and the domain was divided into 1,498,162 
triangular cells (Fig. 1B). The fluid field was divided into three zones: 
the interface, thread, and outer zones (Fig. 1C), where the interface 
zone was defined as an area within 40 μm of the implant surface and 
the thread zone as the area surrounded by the implant threads. The 
outer zone was the area outside the implant threads or the remain-
ing fluid field.

2.3. Analytical method

The volumes of fraction (VOF) and species transport models 
in ANSYS Fluent (2019 R1; ANSYS Inc.) were utilized to analyze the 
flow of blood plasma, red blood cells (RBCs), fibrinogen, and whole 
blood, where the fibrinogen is a subset of blood plasma and the 
blood plasma, RBCs, and fibrinogen are the subsets of whole blood. 
All equations used in the analysis are defined and described in the 
ANSYS Theory Guide and User’s Guide[74,75].

2.3.1. Volumes of fraction model

The ANSYS Fluent VOF model can track the free interface be-
tween two fluid phases by solving a continuity equation for the VOF. 
Blood plasma and RBCs were set as primary and secondary phases, 
respectively. The interfacial tension between the blood plasma and 
RBCs was set as 0.021 N/m as established by Mottaghy and Hahn[76]. 
Red blood cells were considered a continuum because the fluid zone 
was larger than the diameter of an RBC (<7 µm).

2.3.2. Species transport model

The concentration (mass fraction) of fibrinogen in blood plasma 
was tracked using a species transport equation:
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where ρm is the density of the mixture of blood plasma and fi-
brinogen, Yi is the local mass fraction of each species, and subscript 
i is species number set to 0 and 1 for fibrinogen and blood plasma, 
respectively. Equation (1) was solved to calculate the mass fraction 
of fibrinogen (Y0). The local mass fraction of blood plasma (Y1) was 
calculated as 1-Y0, because the sum of the local mass fractions is 1. 
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where Di,m is the diffusion coefficient for species i in the mixture. The 
diffusion coefficient between fibrinogen and blood has not been 
previously measured. Therefore, the diffusion coefficient between 
fibrinogen and water (0.23 × 10−10 m2/s) was used for D0,m, accord-
ing to Nauman et al.[77]. It was assumed that no chemical reaction 
happens between species and the transfer of temperature was 
considered negligible.

2.4. Fluid properties

The density and viscosity of RBCs were defined as constants 
of 1125 kg/m3[78] and 0.0050 Pa·s[79], respectively. The volume-
weighted mixing law in ANSYS Fluent was applied as the density of 
the mixture of blood plasma and fibrinogen (ρm), which enabled the 
values to be calculated according to Yi. With this model, the density 
can be written as
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where the densities of fibrinogen (ρ0) and blood plasma (not includ-
ing fibrinogen, ρ1) were set to 1400[80] and 1025 kg/m3[78], respec-
tively. The viscosity of the mixture (μm) was calculated according 
to the function of the concentration of fibrinogen in blood plasma 
based on a previous study[81]:
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where C is the concentration of fibrinogen (g/100 mL) in blood 
plasma.

2.5. Numerical conditions

The boundary condition in this study assumes blood flow from 
capillaries distributed in the alveolar bone. Studies that have mea-
sured the velocity of RBCs in the capillaries show that their values 
range from 1.0 to 4.0 mm/s[82]. Therefore, the velocity at the blood 
inlet and in alveolar bone was set to 0.001 m/s. For the outflow 
boundary condition, a free stream boundary condition was used. 
The contact angle between blood plasma and the implant surface 
was set to 70° and 0° based on the results from the above-mentioned 
contact angle measurements (Fig. 1D). A normal adult human he-
matocrit (45%) was used as the VOF value at the blood flow inlet and 
alveolar bone; therefore, the VOF for blood plasma was 55%. The 
mass fraction of fibrinogen (Y0) at the blood flow inlet and alveolar 
bone was 0.29% and was obtained by dividing the normal adult hu-
man fibrinogen concentration (300 mg/dL = 3 kg/m3) by the density 
of blood serum (1024 kg/m3)[83]. Time step size and the number of 
steps were set to 0.0001 s and 30,000, respectively. The pressure-
based solver in ANSYS Fluent was used as it was necessary for VOF 
modeling. The calculation at each time step was considered to have 
reached convergence when the rate of change in the mass flow of 
fibrinogen (kg/s) reached below 0.01. A double precision solver was 
used. Pressure-velocity coupling was achieved using the coupled 
scheme. As the Reynold’s number was sufficiently lower than the 
value at which the flow field transitions into a turbulent flow (i.e., 
2800), the flow field within the fluid zone was considered laminar. 
The analysis was conducted on a single computer running Microsoft 
Windows 10 Professional (Microsoft Corp., Redmond, WA). The data 
were exported into CFD-POST (2019 R1; ANSYS Inc.) to visualize the 
valuables in the fluid zone.
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2.6. Vorticity of fluid field

Vorticity was also calculated to further capture the characteris-
tics of the flow field. Vorticity represents the local spinning motion 
of a continuum and is expressed by the following standard equation.
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where ξ  is vorticity (s-1) and v and u are the velocity components in 
the fluid zone parallel and vertical to the implant body, respectively. 
Under the definition written above, a flow field with a positive vortic-
ity indicates the existence of a counterclockwise vortex.

3. Results

3.1. Confirmation of the hydrophilic conversion of titanium after UV 
treatment

We first verified the conversion of regular titanium surfaces from 
a hydrophobic state to a superhydrophilic state after UV light treat-
ment. A 10 μL ddH2O drop placed on a machined grade 4 titanium 
disk did not spread and remained hemispherical with a contact angle 
of 70.2° (top panels in Fig. 1D), indicating a hydrophobic surface. In 
contrast, a ddH2O drop placed on a UV-treated titanium disk spread 
immediately over the surface and had a contact angle of 0.0°, indicat-
ing a superhydrophilic surface. Hydrophobicity or hydrophilicity was 
also tested on screw-shaped dental implants (bottom panels in Fig. 
1D), which confirmed hydrophobic and superhydrophilic surfaces 
before and after UV treatment, respectively. These results confirmed 
that UV light induces hydrophobic-to-superhydrophilic conversion, 
even on identical titanium surfaces, and validated the hydrophobic-
ity and hydrophilicity parameters of 70.0° and 0.0° used in the CFD 
implant model.

3.2. Blood flow visualization by density mapping around hydrophobic 
and superhydrophilic implants

To describe the overall qualitative blood flow around implants, 
we first color-mapped the blood plasma density around implants 
with either hydrophobic (contact angle 70°) or superhydrophilic 
(contact angle 0°) surfaces from the start of blood flow up to 3 sec-
onds. Blood entered at the apex of the implant and the axial wall of 
the surrounding bone and exited upwards as shown in Figures 1A 
and 2. As shown in color mappings at different time points (Fig. 2), 
there were clear differences in flow behavior between hydrophobic 
and superhydrophilic implants. Around the hydrophobic implant, 
some blood plasma infiltrated the thread zone 1 second after the 
start of blood flow. However, blood plasma did not completely fill 
the thread zone of the hydrophobic implant, leaving a substantial 
part of the implant interface free from blood plasma throughout the 
period of analysis. The blood plasma voids were randomly localized 
and shaped, although most stemmed from the implant interface 
and extended into the outer zone. Part of the hydrophobic implant 
interface and thread zone, even when filled with blood plasma, 
showed a low concentration of blood plasma (white arrowheads in 
the 3-second density mapping).

In contrast, nearly the entire implant interface and thread zone 
of the superhydrophilic implant were filled with blood plasma 

throughout the analysis period (Fig. 2). Density mapping indicated 
that, compared with the outer zone, the interface and thread zones 
were highly concentrated with blood and contained nearly no voids. 
The increased density at the interface and thread was more even 
for the superhydrophilic implant than for the hydrophobic implant. 
Blood plasma voids appeared exclusively in the outer zone of the 
superhydrophilic implant and were apparently smaller than those 
around the hydrophobic implant.

Several magnified mappings are presented to show a character-
istic blood plasma density profile (Figs. 2a-d). The edge of the blood 
consisted of a thin layer of the lowest blood density, as depicted by 
blue lines facing all voids (a-d). However, when the blood faced an im-
plant surface (a and b), no such layer was found at the blood-implant 
interface. As a result, all implant interfaces, if covered with blood 
plasma, received a good density of blood, as typically seen on the 
superhydrophilic surface (panels c and d). A short, slow motion video 
was created based on the sequential blood plasma density mapping 
images to clearly visualize the blood fluid dynamics (https://indd.
adobe.com/view/c046e3b2-b3c9-443f-a2f1-c640519346d9).

3.3. Quantitative assessment of blood plasma voids around hydropho-
bic and superhydrophilic implants

We next proceeded to quantify the blood dynamics, starting 
with blood plasma void occurrence (Fig. 3). The white areas in Figure  
2, representing the absence of blood plasma or the localization of 
RBCs, were defined as voids, because of the lack of nutritious fluid 
and protein. Void occurrence in the interface zone was defined as 
the percentage of the interfacial length with no juxtaposing blood 
plasma relative to the entire interfacial length, and the void occur-
rence in the thread and outer zones was defined as the percentage 
area with no blood plasma relative to the entire area of each zone. 
The hydrophobic implant interface showed a void greater than 
15% during the initial 1 second, and the void occurrence increased 
rapidly with time, with nearly 50% of the interface lacking blood at 
3 seconds (Fig. 3A). In contrast, the void occurrence remained very 
low or even absent at the superhydrophilic interface throughout the 
period of analysis. The result was similar in the thread zone, with void 
occurrence worsening over time around the hydrophobic implant, 
reaching close to 40% at 3 seconds (Fig. 3B). The thread zone void 
was consistently low around the superhydrophilic implant with no 
significant time-dependency, and reached 0 at 3 seconds. The void 
occurrence in the outer zone was not time-dependent for both 
implants and was significantly lower around the superhydrophilic 
implant than the hydrophobic implant (Fig. 3C). Of note, voids were 
generated more often in the interface zone than in the outer zone for 
the hydrophobic implant, whereas this was reversed for the superhy-
drophilic implant, which had more voids in the outer zone.

3.4. Direction and velocity of whole blood flow around hydrophobic 
and superhydrophilic implants

We next analyzed vector field formation during blood flow. Field 
vectors indicate both direction and magnitude of the center of each 
cell in the CFD grid and allow the interpretation of both the direction 
and velocity of whole blood flow. Figures 4A-C show the average 
values of the horizontal component of the vectors and Figures 4D-F 
the average value of the vertical component.

The average vector direction was away from the implant in 
the interface zone of the hydrophobic implant, with its velocity 
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increasing with time (Fig. 4A). Conversely, the average vector at the 
superhydrophilic interface was directed towards the implant and 
was substantially faster than around the hydrophobic implant and 
increased with time. The trend was similar in the thread zone; i.e., 
the averaged vector direction was opposite in the different implants 
(Fig. 4B). The average vector was oriented towards the implant in the 
outer zone for both implants (Fig. 4C). A comparison of the different 
zones indicated that the horizontal blood velocity was greater in the 
thread zone than in the outer zone only for the superhydrophilic 
implant.

The average blood vector was upward in all zones regardless of 

the hydrophobic or superhydrophilic state (Figs. 4D-F). The verti-
cal component of the vectors was greater for the superhydrophilic 
implant than for the hydrophobic implant in the interface and thread 
zones. The upward blood velocity in the thread zone was remarkably 
slower than in the outer zone for both implants; 1/8 to 1/6 around the 
hydrophobic implants and 1/4 to 1/3 around the superhydrophilic 
implants. Based on these averaged vectors, blood dynamics are 
summarized in Figure 5, in which yellow arrows depict the overall 
direction and speed of whole blood flow for hydrophobic and super-
hydrophilic implants.

Fig. 2. Blood dynamics visualized by color-mapping the blood plasma density and comparing hydrophobic and superhydrophilic implants with their contact 
angles of 70° and 0°, respectively. Images from three different time points are presented. The blood inlet is indicated by red arrows. Magnified images (a-d) 
are also provided for the dotted squares a-d.
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3.5. Robust generation of vortices at the superhydrophilic interface

Next, by calculating the vorticity index from the vector informa-
tion, we determined whether the whole blood dynamics included 
vortices (Fig. 6). The vorticity index was consistently high at the 
superhydrophilic interface and low with a time-dependent decline 
at the hydrophobic interface. The vortex flowed counterclockwise 
at the interface of both implants (Fig. 6A). Vortices were also 
counterclockwise in the thread zone and similar for both implants 
(Fig. 6B). Unlike in the interface and thread zones, the outer zone 

showed a clockwise vorticity index for both implants (Fig. 6C), which 
was more consistent and higher for the superhydrophilic implant. A 
comparison of vorticity indices in the three different zones revealed 
remarkably robust vortex formation at the superhydrophilic implant 
interface (Figs. 6A-C). The averaged vortex paths are illustrated in 
Figure 5 (blue lines).

3.6. Vector visualization around hydrophobic and superhydrophilic 
implants

Fig. 3. Quantitative assessment of the occurrence of blood plasma voids during blood flow. The percentage of void areas relative to the domain was calcu-
lated for the interface, thread, and outer zones and presented to compare hydrophobic (70°) and superhydrophilic (0°) implants.

Fig. 4. Quantitative assessment of the direction and speed of whole blood flow. (A-C) Horizontal components of averaged vectors of the blood field. Histo-
grams are shown for the interface, thread, and outer zones and presented to compare hydrophobic (70°) and superhydrophilic (0°) implants. (D-F) Vertical 
components of the averaged vectors of the blood field are shown.
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We next color-mapped the individual vectors in the whole 
blood field (Fig. 7). Images in the transitional areas of the thread 

and outer zones revealed considerable differences between the two 
implants (Figs. 7A and B). Vectors around the hydrophobic implant 

Fig. 5. Schematic of the whole blood flow (yellow arrows) based on the averaged vectors (Fig. 4), together with the whole blood 
streams (blue arrows) based on the average vorticity (Fig. 6)

Fig. 6. Quantitative assessment of vortex formation during whole blood flow. (A-C) Vorticity index was calculated in each of the interface, thread, and outer 
zones and presented to compare hydrophobic (70°) and superhydrophilic (0°) implants. Note the different direction of vortex patterns indicated in the graphs.
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were, in general, relatively mono-directional, with a slight angula-
tion towards the implant in the lower half of the thread and away 
from the implant in the upper half of the thread. Vectors from the 
outer zone towards the thread zone seemed to be re-directed away 
from the implant, indicating that blood was pressured away without 
infiltrating into the thread zone (triangles in panel A). Around the 

hydrophobic implant only, a line created by outward and inward vec-
tors across the entrance of the thread zone seemed to act as a critical 
barrier to repel blood influx (squares in panel A). As a result, only a 
small proportion of blood flux reached the thread zone by passing 
the red dotted line in panel A.

Fig. 7. Vector color-mapping during whole blood flow around hydrophobic and superhydrophilic implants. Each vector represents the direction and speed 
of the cell meshed in the domain, as defined in the color-coded scale. (A, B) Mapping images focusing on the transitional area between the outer and thread 
zones. (C-F) Focused images within the thread zone and at the implant interface. Refer to the main text for symbols.
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In contrast, a considerable number of remarkably thick and long 
vectors were directed towards the thread zone around the superhy-
drophilic implant, as highlighted in red, yellow, and green and repre-
senting fast and massive whole blood influx (stars in panel B). Thus, 
significantly more vectors crossed the red line into the thread region. 
Similar to the re-directing pattern around the hydrophobic implant, 
some vectors returned to the outer zone, as outlined by triangles in 
panel B. This outflux created vortex nodes and repelling or attracting 
foci (diamonds in panel B).

In the thread (C) and interface (D) zones of the hydrophobic 
implant, the vectors were randomly directed. Although there was a 
weak stream of concentric, downward vectors in the middle of the 
thread zone (stars in panel C), the vectors in the interface zone were 
disordered and randomly located and did not form a stream (panels 
C and D), with a majority of vectors directed outward or away from 
the implant. The thread zone of the superhydrophilic implant was 
filled with multiple vortex nodes (diamonds in panel E) and formed 
mostly counterclockwise streams flowing close to the implant sur-
face and along the implant outline (stars in panels E and F). These 
qualitative vector visualizations of whole blood were corroborated 
by the averaged vectors and vorticities illustrated in Figure 5.

3.7. Fibrinogen flow visualization around hydrophobic and superhydro-
philic implants

We next examined the flow dynamics of fibrinogen, a represen-
tative wound-healing protein, by visualizing its density by color map-
ping (Fig. 8). Fibrinogen dynamics were similar to the blood plasma 
dynamics (Fig. 2), in that, although fibrinogen flowed into the thread 
zones of both implants, voids were found in the interface and thread 
zones of the hydrophobic implant throughout the analysis. The voids 
were large around the hydrophobic implant, and fibrinogen was 
densely located in the thread zone of the superhydrophilic implant 
but was scattered in the outer zone around the hydrophobic implant.

3.8. Quantitative assessment of fibrinogen dynamics

Based on the color mapping, we quantified the fibrinogen lo-
cated in each zone of the two implants (Fig. 9). As shown in Figure 
9A, fibrinogen density at the hydrophobic implant interface gradu-
ally increased over time, whereas it rapidly increased at the superhy-
drophilic interface and plateaued after only 0.5 seconds. Fibrinogen 
was approximately 20-times denser at the superhydrophilic interface 
than at the hydrophobic interface after 1 second of blood flow and 
remained 3-times denser even after 3 seconds. The fibrinogen 
concentration in the thread zone also rapidly increased around the 
superhydrophilic implant and remained high throughout the simula-
tion period (Fig. 9B). In contrast, fibrinogen concentration peaked at 
1.8 seconds for the hydrophobic implant and remained unchanged 
thereafter, indicating that it reached the steady state. The fibrino-
gen was 10- and 3.5-times denser for the superhydrophilic implant 
than for the hydrophobic implant at 1 and 3 seconds, respectively. 
Conversely, the fibrinogen density in the outer zone plateaued and 
reached the steady state immediately for both implants and was 
consistently lower for the superhydrophilic implant (Fig. 9C).

To determine if the distribution of fibrinogen was different in the 
three zones, we re-evaluated fibrinogen density relative to the total 
amount in the field. As shown in Figure 9D, compared with only 4.1% 
for the hydrophobic implant, 11.6% of total fibrinogen infiltrated the 
interface zone of the superhydrophilic implant by the end of analysis. 
Similarly, 38.0% of total fibrinogen flowed into the superhydrophilic 
thread zone but only 11% into the hydrophobic thread zone (Fig. 
9E). Although only 50.4% fibrinogen remained in the outer zone of 
the superhydrophilic implant, 85% remained for the hydrophobic 
implant.

4. Discussion

In this study, we provide a comprehensive qualitative and 
quantitative analysis of blood and protein dynamics around metal-

Fig. 8. Fibrinogen dynamics visualized by color mapping density and comparing the hydrophobic and superhydrophilic implants. Images 
from three different time points are presented. The blood inlet is indicated by red arrows.
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lic implants, and in doing so establish baseline knowledge on the 
processes underpinning bone-implant integration or osseointegra-
tion associated with macroscopic design and a physicochemical 
property. Specifically, we revealed that implant threads, regardless of 
hydrophobic or hydrophilic surfaces, significantly slow down blood 
flow along the long axis of the implants. A comparison of the effects 
of hydrophobicity and hydrophilicity on blood dynamics is provided 
in Table 1. Blood must influx the implant surface—or at least close to 
the implant surface—to deliver osteogenic and mesenchymal stem 
cells as well as the proteins necessary for bone-implant integration. 
However, we found that voids in blood plasma formed over 40% 
of the interface and thread zones of hydrophobic implants, which 

would be expected to significantly hinder delivery of these biologi-
cal constituents (Table 1). More importantly, this phenomenon was 
nearly eliminated by superhydrophilicity (Table 1), which is a new 
discovery of the advantage of superhydrophilic implants. It was also 
notable that superhydrophilic surfaces reduced void formation in 
the outer zone (Table 1), indicating that the positive effect extends 
well beyond the area adjacent to the implant.

The lack of blood plasma was not the only drawback of hydro-
phobic implants. As shown by vector visualization of whole blood 
and quantitative analyses (Figs. 4, 5, and 7; Table 1), the blood 
flow within the threads of hydrophobic implants was unstable, dis-

Fig. 9. Quantitative assessment of the localization and density of fibrinogen during blood flow. (A-C) The amount of fibrinogen changing with time in the 
interface, thread, and outer zones for hydrophobic and superhydrophilic implants. (D-F) Fibrinogen distribution in the different zones as indicated by the 
percentage of fibrinogen located in each zone relative to the total fibrinogen in the domain.

Table 1. Summary of blood dynamics regulated by hydrophobic and superhydrophilic implants

Void Vector Streamline Vortex
Interface Thread Outer Interface Thread Outer Interface Thread Outer Interface Thread Outer

Hydrophobic  
implants ~45% ~40% 25% Away Away Toward None Weak DW Strong UW Minor CC Minor CC Minor C

Superhydrophilic 
implants Near 0 ~5% 15% Toward Toward Toward Strong AI Strong AI Strong IF Vigorous CC Minor CC Minor C

Away: Away from implant surface
Toward: Toward implant surface
DW: Downward
UW: Upward
AI: Along implant surface
IF: Influx
CC: Counter-clockwise
C: Clockwise
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ordered, and on average away from the implant surface compared 
with towards the implant surface for the superhydrophilic implant. 
The whole blood flow within the superhydrophilic thread was stable 
and generated multiple vortex nodes with blood streams consisting 
of ordered, concentric vectors along the implant surface curvature. 
These unique dynamics were supported by massive blood influx 
from the outer zone to the thread zone around the superhydrophilic 
implant. Conversely, there was a layer of conflicting vectors across 
the entrance to the thread zone of the hydrophobic implant, which 
seemed to act as a barrier to blood influx. The majority of whole 
blood flow from the outer zone of the hydrophobic implant ap-
peared to be repelled at the entry of the thread zone before being 
forced upwards. It was noteworthy that blood plasma concentration 
was low at the void interface as represented by the blue lines in the 
color mapping (Fig. 2). This characteristic border was not seen at the 
implant interface. We believe that this is because of the influence of 
RBCs. The voids defined in this study are the lack of blood plasma 
and localization of RBCs. The co-presence of RBCs and blood plasma 
at the border of voids may have diluted the blood plasma concentra-
tion. We also noticed that the blood plasma local concentration was 
altered by the hydrophilic or hydrophobic state of implant surfaces. 
The interface and thread zones around the hydrophobic implant in 
the area adjacent to the blood inlet was low in blood plasma con-
centration despite the presence of plasma, which was significantly 
improved around the superhydrophilic implant (Fig. 2). This result 
was consistent from the beginning to the end of the time points 
analyzed. These results indicated that there may be disadvantageous 
areas in recruiting blood depending on where these areas are rela-
tive to the origin and direction of blood inlet, and more importantly, 
that superhydrophilic implants are capable of mitigating these dis-
advantages. Future studies using different thread designs and inlet 
conditions will help interpret these interesting results.

Fibrinogen flux was also influenced by the hydrophobicity 
or hydrophilicity of the implant surfaces, as summarized in Table 
2. There was rapid fibrinogen influx into the thread and interface 
zones exclusively for the superhydrophilic implant (Table 2 and 
Fig. 9). Fibrinogen influx plateaued within 1 second for the super-
hydrophilic implant but only slowly and fractionally increased over 
time for the hydrophobic implant. There was an ~20-times differ-
ence in fibrinogen influx between the two implants. The smaller 
amount of fibrinogen left in the outer zone of the superhydrophilic 
implant confirmed that the superhydrophilic implant has the ability 
to recruit the protein (Figs. 9C and F). Based on the percentage of 
fibrinogen infiltrating into each zone relative to the total (Figs. 
9D-F), we calculated the fibrinogen density (quantity/area) in each 
zone and expressed as a proportion among the three different zones 
(Table 2). First, the fibrinogen density was considerably lower in 
the interface (0.00–0.48 when the even distribution was 1.00) and 
thread (0.15–0.36) zones than in the outer zone of the hydrophobic 
implant (Table 2), meaning that the outer zone retained protein. 

Second, even for the hydrophobic implant, the fibrinogen density 
in the interface zone eventually exceeded that in the thread zone. 
Therefore, the majority of fibrinogen was located in the outer zone 
or at best was divided into the interface and outer zones, implying 
“distant” or “split” hemodynamics around the hydrophobic implant. 
In contrast, as shown in the density values (Table 2), fibrinogen was 
more concentrated in the interface and thread zones than in the 
outer zone for the superhydrophilic implant. Of particular note, the 
fibrinogen density was consistently higher in the interface zone than 
in the thread zone of the superhydrophilic implant. These results 
confirmed that superhydrophilic implants can better recruit protein 
close to the implant surface, which we term “contact hemodynam-
ics.” This newly defined hemodynamics is conceptualized and sym-
bolically described in a graphic illustration (Fig. 10) and summarized 
in a short video (See the Results section 3.2.).

As noted above, peri-implant bone formation has distinct but 
unexplained behaviors. Regular titanium implants are hydrophobic, 
and a part of peri-implant bone forms circumferentially away from 
the implant (distant osteogenesis)[1,30]. This study shows that, 
specifically for the hydrophobic implant, a major blood mass flows 
nearly straight upwards outside of the implant threads without 
entering the threads. As a result, the cells and proteins necessary for 
bone formation, which are carried by this blood flow, may remain 
and inhabit this outer zone to provide a resource for satellite-like os-
teogenesis. Our new concept of split or distant hemodynamics may 
explain the distant osteogenesis occurring around regular titanium 
implants.

Our results, in particular the rapid and massive recruitment 
of blood into the interface zone without voids together with the 
uniquely aligned vectors toward the implant surface, help to explain 
the mechanism underlying enhanced bone-implant integration 
around superhydrophilic implant surfaces. Bone formation occurs 
contiguously at the superhydrophilic implant interface with almost 
no soft tissue intervention, in contrast to the fragmental bone forma-
tion around hydrophobic implant surfaces and 10–40% soft tissue in-
tervention[30]. Fibrinogen density, which is influenced by the blood 
flow, was the highest at the superhydrophilic implant interface and 
the lowest in the outer zone, likely explaining why there is less bone 
formation in areas distant from superhydrophilic implant surfaces. 
The enhanced osteogenesis around superhydrophilic implants can 
be explained, at least partially, by the contact hemodynamics phe-
nomenon.

It was important to design a CFD model carefully in this new 
field of implant studies. In implant research, the thread zone has 
always been a focus such that the area of bone formation has 
been evaluated within the threads. Considering the necessary, 
broad perspective of peri-implant osteogenesis, we included the 
surrounding area defined as an outer zone in the model, which 

Table 2. Summary of protein dynamics regulated by hydrophobic and superhydrophilic implants

Influx speed Influx quantity Density
Interface Thread Outer Interface Thread Outer Interface Thread Outer

Hydrophobic implants Slow TD Slow TD Rapid ~4% ~11% ~95% 0.00~0.48 0.15~0.36 1.56~1.40

Superhydrophilic implants Rapid Rapid Rapid ~12% ~40% ~60% 1.03~1.32 0.92~1.28 0.97~0.80
TD: Time-dependent
Influx quantity: Expressed relative to total inlet
Density (D): Expressed in proportion among the zones. The distribution is even when D is 1.00, whereas protein is recruited more aggressively when D > 1.
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presented results in contrast to those from the thread zone and 
justified the crucial assessments in both zones. In addition, we 
hypothesize that owing to the surface morphology, the blood flow 
may be influenced at the very interface of implants. The commonly 
used microrough surfaces, such as an acid-etch-created microrough 
surface, in dental implants have a roughness level of 2–5 μm in 
height[5,7,8,10,26,52,84–92]. When combined with sandblasting, 
the roughness increases to 5–15 μm[11,65,90–93]. Recent advance-
ments in surface technology have enabled forming of meso-scale 
roughness with a microrough texture, whose roughness extends 
to up to 40 μm[4,21,22,94]. From the perspective of establishing a 
versatile CFD model applicable to various implant surfaces in the 
future, this study decided to define the interface zone as within the 
40 μm vicinity. We validated the appearance of a hydrophilic surface 
on Grade 4 implants and titanium disks because the majority of 
implants are constructed from grade 4 titanium[90,93]. The effect of 
UV treatment, such as the conversion to a hydrophilic surface, has 
been demonstrated for various surface types and materials, includ-
ing type 2 commercially pure titanium, grade 5 titanium alloy, and 
zirconia[29,31,38,41,42,46,47,49,50,55,63,64,66,69,72,95–97].

Blood and protein dynamics are therefore heavily influenced 
by implant morphology and material surface properties. This study 
provides a valuable mathematical model to test and optimize new 
implant designs. For instance, our model will allow the rapid and low-
cost evaluation of different thread dimensions, angles, and textures 
that optimize blood and protein dynamics for osseointegration.

5. Conclusions

We visualized and quantified the flow and density of blood 

and fibrinogen using a CFD implant model. Screw-shaped implants 
were designed and hydrophobic and superhydrophilic surfaces 
compared. Blood plasma did not fill 40–50% of the implant interface 
or the inside of the threads around hydrophobic implants, whereas 
such voids were nearly eliminated around superhydrophilic implants. 
Whole blood field vectors were disorganized and directed randomly 
within hydrophobic threads but formed vortex nodes surrounded by 
concentric, stable blood streams along the superhydrophilic implant 
surface. The averaged vector within the thread was away from the 
implant surface for hydrophobic implants and towards the implant 
surface for the superhydrophilic implants. The fibrinogen density 
was up to 20-times greater at the superhydrophilic implant interface 
than at the hydrophobic interface. Furthermore, fibrinogen was 
intensively recruited to the superhydrophilic implant interface but 
distributed between the implant interface and the area outside the 
threads for the hydrophobic implant; the majority of fibrinogen was 
located in the outside area. This study evaluates, for the first time, 
the regulation of blood influx, vector and vortex formulation, and 
distribution of blood and proteins by implant threads and surface 
hydrophilicity. In doing so, the blood flow around hydrophobic and 
superhydrophilic implants can now be regarded as distant or split 
and contact hemodynamics, respectively.
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Fig. 10. Illustrative images representing the interaction between hydrophobic or superhydrophilic implants and blood, symbolizing 
a hemophobic implant (right) to induce distant hemodynamics or split hemodynamics and a superhemophilic implant (left) to en-
able contact hemodynamics. See the main text and Tables 1 and 2 for a detailed description. This is a graphic illustration conceptual-
izing the results and and does not represent the CFD model used in this study.
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