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analysis between a conventional proximal
interphalangeal joint flexible hinge implant
and a novel implant design using a rolling
contact joint mechanism
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Abstract

Background The rolling contact joint (RCJ) mechanism is a system of constraint that allows two circular bodies
connected with flexible straps to roll relative to one another without slipping. This study aims to compare the biome-
chanical characteristics between the conventional proximal interphalangeal joint (PIPJ) flexible hinge (FH) implant
and the novel PIPJ implant adopting a RCJ mechanism during PIPJ range of motion using finite element (FE) analysis.

Methods The three-dimensional (3D) surface shape of a conventional PIPJ FH implant was obtained using a 3D laser
surface scanning system. The configuration and parameters of the novel PIPJ implant were adapted from a previous
study. The two implants were assumed to have the same material characteristics and each implant was composed
of a hyperelastic material, silicone elastomers. The configuration data for both implants were imported to a computer-
aided design program to generate 3D geometrical surface and hyperelastic models of both implants. The hyperelastic
models of both implants were imported into a structural engineering software to produce the FE mesh and to per-
form FE analysis. The FE analysis modeled the changes of mechanics during flexion—extension motion between 0°
and 90° of two PIPJ implants. The mean and maximum values of von-Mises stress and strain as well as the total
moment reaction based on the range of motion of the PIPJs were calculated. The mean values within the PIPJ's func-
tional range of motion of the mean and maxinum von-Mises stress and strain and the total moment reaction were
also determined.

Results The maximum values for the von-Mises stress, and strain, as well as the total moment reactions of the con-
ventional PIPJ FH and novel PIPJ implants were all at 90° of PIPJ flexion. The maximum value of each biomechani-

cal property for the novel PIPJ implant was considerably lower compared with that of the conventional PIPJ FH
implant. The mean values within the PIPJ's functional range of motion of the maximum von-Mises stress and strain
for the novel PIPJ implant was approximately 6.43- and 6.46-fold lower compared with that of the conventional PIPJ
FH implant, respectively. The mean value within a PIPJ's functional range of motion of the total moment reaction

of the novel PIPJ implant was approximately 49.6-fold lower compared with that of the conventional PIPJ FH implant.
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Conclusions The novel PIPJ implant with an RCJ mechanism may offer improved biomechanical performance com-

pared with conventional PIPJ FH implant.

Keywords Proximal interphalangeal joint prosthesis, Flexible hinge implant, Rolling contact joint mechanism, Finite
element analysis, Von-Mises stress, Von-Mises strain, Moment reactions

Introduction

Following the introduction of the Swanson® finger joint
implant (Wright Medical Technology, Inc., Arlington,
TN) in the 1960s, various flexible hinge (FH) implants
have been developed [1]. Newly introduced typical FH
implants include the NeuFlex® silicone implant (Depuy,
Warwaw, IN) and the Avanta® silicone implant (Avanta
Orthopaedice, San Diego, CA) [2, 3]. Materials used
in these implant are continuously improving, and the
designs have gradually been modified to mimic human
body biomechanics [4, 5]. Although FH implants are a
lineage of hand implants, their biomechanics have not
significantly changed from those of the original Swanson
silicone implant [1]. In addition, the FH implants have
a high probability of implant failure within a decade of
implantation. [6, 7] Because proximal interphalangeal
joint (PIP]) arthroplasty using FH implant is reported to
be performed in individuals around the age of 60 [8, 9],
considering the average human lifespan, a minimum of
two revision surgeries may be required after implanta-
tion. Furthermore, improvement in the range of motion
is not significant compared with that before the opera-
tion [7, 10]. Thus, there is a need for new implants that
offers greater longevity and considerably improved range
of motion.

The rolling contact joint (RCJ) mechanism is a system
of constraint that allows two circular bodies connected
with flexible straps to roll relative to one another at the
contact surface without slipping [11]. The authors have
designed a novel PIPJ implant that mimics the human
anatomy and biomechanical properties of PIPJ based on
this mechanism [12]. This novel implant offers a greater
range of motion compared with FH implants and pro-
vides sufficient stability via straps [13]. Furthermore, the
novel RCJ implant allows flexion with minimal moment
and has a wide cross-sectional area that can withstand
relatively high compressive forces [12, 14]. Therefore, the
PIP] implant using the RCJ mechanism may be a good
replacement for FH implants.

All FH implants, including the Swanson® finger joint
implant, are composed of silicone elastomers with prop-
erties of hyperelastic materials [1], which exhibit non-
linear elastic deformation [15]. They exhibit a very large
elastic deformation with very little to no plastic defor-
mation before failure. Many materials, including rubber,
silicone elastomers, and foam, also exhibit this behavior.

Because of the complex mechanical behavior of hyper-
elastic materials, various models have been formulated to
study their dynamics. [16]

Finite element (FE) analysis simulates physical phe-
nomena using numerical mathematical techniques by
transforming continuous variables or functions into a
discrete form [17]. FE analysis is a key analytical tool in
mechanical engineering as well as other fields. As the
scope of applications for FE analysis in clinical practice
has become diversified along with the progression of FE
analysis simulation software, several achievements using
FE analysis in biomechanical studies have been realized.
The distribution of stress, strain, and deformation can be
simulated, and the analysis of solid objects as well as non-
linear materials may be conducted by FE analysis. In the
field of orthopedic surgery, FE analysis is frequently used
to design orthopedic implants and to evaluate their bio-
mechanical properties. [18]

Several FE analysis studies comparing the Swanson
finger joint implant and the NeuFlex® silicone implant
have been published [19-21], however, they studied
implants in the metacarpophalangeal joint, not the PIP],
and were published over 12 years ago. As a result, may
have lower numerical analysis speed and higher compu-
tational cost of FE analysis compared with current stud-
ies using latest engineering simulation programs [22].
Furthermore, studies comparing FH implants and the
novel RCJ implant have not been conducted. Therefore,
in this study, we compared the biomechanical character-
istics during PIP] range of motion exercise between the
conventional PIP] FH implant and the novel PIP] RCJ
implant using FE analysis.

®

Materials and methods

Configuration and parameters of conventional FH

and novel PIPJ implants

A Swanson® silicone finger joint implant (Flexspan®
size No. 2) was used to evaluate the biomechani-
cal properties of a conventional PIP] FH implant [23].
A 3D laser surface scanning system [HandySCAN
3DTM|SILVER, Creaform Inc., Lévis, QC, (accuracy:
0.03 mm)] was used to obtain the surface shape of
the conventional PIP] FH implant. Figurela, b shows
the dimensions and configurations of the Swanson®
silicone finger joint and novel PIPJ implants, respec-
tively. The configuration and parameters of the novel
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PIPJ implant were adapted from a previous study [12].
This design allows motion around 1 degree of freedom
(1-DOF), consisting of PIP] flexion or extension in the
sagittal plane, and includes two components: the mid-
dle phalangeal component and proximal phalangeal
component. Each component has one stem and one
head with a circular joint surface. The components
are linked by three flexible straps with equal widths
(Fig. 1b). Of these, two straps are symmetrically located
in relation to the third strap, which is located at the
center. The width of each strap is 2.5 mm, and the thick-
ness is 1 mm. The width of the implant head is 8.1 mm.
The PIP] in the previous study [12] was manufactured
using rigid materials for the head and stem as well as
flexible woven materials for the straps. The proposed
novel PIPJ implant in the present study was fabricated
by one silicone material using a molding process, which
reduces production cost and provides more flexibil-
ity (Additional file 1). To conduct an FE analysis under
equal conditions of mechanical dimensions between
the two implants, the width, length, and fillet of the two
stems of each implant were set similarly. Furthermore,
to disregard the interaction between the implant and
bone, such as micromotion, and to focus on the simula-
tion of the hinge and straps during flexion and exten-
sion motions, we defined the analysis range only up to
the junction between the stem and the implant head
and excluded the portion of the stem inserted into the
medullary canal [24].
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Fig. 1 A) The dimensions and configurations of the Swanson® silicone finger joint implant. B) The dimensions and configurations of the novel PIP)
implant using RCJ mechanism

This study was an experimental study and did not
include human participants or human derived materi-
als. Thus, approval of an institutional review board was
not required.

Determination of material characteristics of conventional
FH and novel RCJ implants

The two implants were assumed to have the same mate-
rial characteristics. Each implant was composed of a sili-
cone elastomer, such as Flexspan®, which was assumed
to exhibit nearly incompressible hyperelastic behavior.
Based on the results of previous study [19], the Arruda—
Boyce material model, which closely represents the mate-
rial properties of conventional PIP] FH implant, was
used. Therefore, the shear modulus g, limiting network
stretch )\, and Poisson’s ratio v were established at 1 MPa,
4.66, and 0.45, respectively. The thermal expansion coef-
ficient was set to 2.63x10° (K7}, at 300 K) [25]. The
detailed mechanical characteristics are listed in Table 1.

Table 1 Material properties of the silicone elastomer used in the
present study

Properties Values
Shear modulus (u, MPa) 1
Limiting network stretch (\) 466
Poisson’s ratio 045

Bulk modulus (MPa) 9.667
Thermal expansion coefficient (K™')* 263%10°

*The thermal expansion coefficient represents the value at 300 K
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Finite element modeling process of each implant
Configuration data of the conventional PIP] FH and novel
PIP] implants were imported into the NX computer-
aided design program (version 8.5, Siemens, Munich,
Germany) to generate 3D geometrical surface and hyper-
elastic models of both implants. The hyperelastic models
of both implants were imported into structural engineer-
ing software (Ansys Mechanical 2022 R1; Ansys, Inc.,
Canonsburg, PA) to produce the FE mesh and to perform
FE analysis.

The FE mesh models of the conventional PIP] FH and
novel PIPJ implants have 34,474 and 240,962 nodes,
respectively. 3D tetrahedron element was used for
FE modeling and the average element sizes were set
as 0.5 mm and 0.3 mm for the PIP] FH and novel PIP]
implants, respectively. The mesh sensitivity analyses veri-
fied that the FE analysis models in this study have con-
verged to a solution (Additional file 2). The FE mesh
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models for the heads, hinge and straps without stems
were produced as shown in Fig. 2.

Boundary and loading conditions

The FE analysis modeled the changes of mechanics dur-
ing the flexion—extension motion of two PIPJ implants.
We determined the flexion—extension motion of the
PIP] within the joint range of motion between 0° and
90° incrementally, with reference to the joint range of
motion of a normal PIP] [26]. Because of the difference in
the basic design of both implants, the conventional PIP]
FH implant exhibits a 0° flexion position, whereas the
novel PIP] implant exhibits a 30° flexion position when
unloaded.

For design comparison, the proximal phalangeal stems
of both implants were constrained to zero displacement
using the multi—point constraint with rigid behavior.
The rotational motion to flexion and extension direction
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2500 7500
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10.000 (mm)
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D

Fig. 2 A, B) The side and perspective views of the mesh for the conventional PIPJ FC implant. C, D) The side and perspective views for the mesh

of the novel PIPJ implant using the RCJ mechanism
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was imposed to the middle phalangeal stems of both
implants (Table 2). Rotation in the other directions was
constrained; however, the 3-dimensional translational
motions were not. Under these conditions, FE solutions
were calculated for the von-Mises stress and strain as
well as the moment reaction of both implants.

Based on the above boundary and loading conditions,
the mean values within a total modeled volume and the
maximum value of the von-Mises stress and strain of
the two implants were analyzed with respect to the PIPJ
range of motion from 0° to 90°. The total moment reac-
tions, the sum of the moment reactions of the x, y, and z
axes, were also calculated within the same PIP] range of
motions. In addition, within the PIPJ’s functional range
of motion between 27° to 86°, [26] the mean values of
the mean and maximum values of von-Mises stress and
strain as well as the mean value of total moment reac-
tions were also compared. The novel PIP] implant has
a 30° prebending, causing a change in the sign of the
moment reaction around the 30°. Therefore, the mean
value of the total moment reaction was calculated as the
sum of the absolute values of the total moment reaction
within the PIPJ’s functional range of motion.

Results

von-Mises stress of the two implants

The maximum and mean values of von-Mises stress were
1.26 MPa and 3.99%x 107! MPa, respectively, at 90° for
the conventional PIP] FH implant and 2.97x10~! MPa
and 2.09x1072 MPa at 90° for the novel PIPJ implant
(Figs. 3, 4, 5, Additional file 3). The mean values within
the PIPJ’s functional range of motion (27°-86°) of the
maximum and mean values for von-Mises stress of the
conventional PIP] FH implant were 7.76 x 10~' MPa and
2.53x 107! MPa, respectively, and those of the novel PIP]
implant were 1.21x10~! MPa and 0.90x 1072 MPa. The
mean value within the PIPJ’s functional range of motion
for the maximum and mean values for von-Mises stress
of the novel PIP] implant was approximately 6.43- and
28.1-fold lower, respectively, compared with that of the
conventional PIPJ] FH implant (Table 3).

Table 2 Loading steps for each implant
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von-Mises strain of the two implants

The maximum and mean values of von-Mises strain
were 3.96x107! and 1.30x 107! at 90°, respectively, for
the conventional PIP] FH implant, and 9.33x 1072 and
0.70%1072 at 90° for the novel PIP] implant (Figs. 6, 7,
8, Additional file 4). The mean values within the PIPJ’s
functional range of motion for the maximum and mean
values of von-Mises strain for the conventional PIP] FH
implant were 2.49X 107! and 8.29x1072, respectively,
and those of the novel PIPJ implant were 3.85x 102 and
0.30x 1072, The mean value within the PIPJ’s functional
range of motion for the maximum and mean values of
von-Mises strain for the novel PIPJ implant was approxi-
mately 6.47- and 27.6-fold lower, respectively, compared
with that of the conventional PIP] FH implant (Table 3).

Moment reaction of the two implants

The maximum value of the total moment reaction of the
conventional PIP] FH implant was 8.484 mNm at 90°
compared with that of the novel PIP] implant was 0.2793
mNm at 90° (Fig. 9, Additional file 5). The mean values
within a PIPJ’s functional range of motion of the total
moment reaction for the conventional PIP] FH implant
and the novel PIPJ implant were 5.4887 mNm and 0.1106
mNm, respectively. The mean value within a PIPJ’s func-
tional range of motion of the total moment reaction for
the conventional PIPJ FH implant was approximately
49.6-fold higher compared with that of the novel PIPJ
implant (Table 3).

Discussion

PIPJ FH implants have been widely used as the primary
option for PIPJ replacement arthroplasty for several
decades; [27] however, they are unable to completely
restore the complex and delicate functions of the finger
[28]. In addition, metal implants are unconstrained sur-
face replacement implants that offer several advantages,
such as a better range of motion. However, because metal
implants have critical disadvantages, such as implant
loosening and dislocation, they are not widely used as a
PIPJ] FH implant [29]. Therefore, there is need for a new
flexible constrained type of implant that can overcome

Conventional PIPJ FH implant

Novel PIPJ implant using a RCJ mechanism

Loading step 1
ion (full flexion state)

Counterclockwise rotation of 90° to obtain
full extension (unloaded state)

Loading step 2

Loading step 3
Loading step 4

Clockwise rotation of 90° to obtain 90° of flex-

Counterclockwise rotation of 30° to obtain full extension

Clockwise rotation of 30° to obtain 30° of flexion (unloaded state)

Clockwise rotation of 60° to obtain 90° of flexion
Counterclockwise rotation of 60° to obtain 30° of flexion (unloaded state)
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Fig. 3 The distribution of von-Mises stress for the conventional PIPJ FH implant at 0°, 30°, 45°, 60°, and 90° of PIPJ flexion
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Fig. 4 The distribution of von-Mises stress for the novel PIPJ implant at 0°, 30°, 45°, 60°, and 90° of PIPJ flexion

the limitations of conventional PIP] FH and uncon-
strained metal implants.

The proposed novel PIPJ implant allows flexion
motions with small stress and moments because of the

RC]J formed by the three straps and two circular joint sur-
faces of the heads. In the RCJ motion, the flexion occurs
primarily at the straps and deformation of the stems and
heads is substantially small. These straps with a small
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Fig. 5 A) Line plot depicting the variation of maximum von-Mises stress for the two implants based on the PIPJ flexion angle. B) Line plot depicting
the variation of mean von-Mises stress for the two implants based on the PIPJ flexion angle

Table 3 The mean values within the PIPJ's functional range of motion (27° to 86°) for the mean and maximum values of the von-Mises
stress and strain as well as the mean value of the total moment reactions

von-Mises stress (MPa)

Moment reactions
(mNm) (Total moment

von-Mises strain (mMNm)

reaction)
Maximum value Mean value Maximum value Mean value
Conventional PIPJ FH implant 829% 1072 7.76 %1072 2.53% 107" 249%107 54887
Novel PIPJ implant using a RCJ 121%x1072 0.30x1072 3.85% 1072 0.90x 1072 0.1106

mechanism

FH flexible hinge, PIPJ proximal interphalangeal joint, RCJ rolling contact joint

thickness and wide width can be readily flexed without
high stress and simultaneously provide enough stabil-
ity against loosening and dislocation. The results of the
FE analysis for von-Mises stress indicated that the stress
distribution for the conventional PIP] FH implant was
concentrated on the hinge region and the cross-sectional
plane of the stem during the range of motion. Whereas
the novel PIPJ implant using the RC] mechanism exhib-
ited a relatively even distribution of stress along the strap,
with stress concentration observed at the point where
the central strap attached to the implant hand. The mean
value within PIPJ’s functional range of motion of the
mean and maximum value for von-Mises stress of the
novel PIPJ implant was approximately 27.6- and 6.43-fold
lower compared with that of the conventional PIP] FH
implant. Furthermore, the von-Mises strain distribution
of the two implants based on the PIPJ’s range of motion,
exhibited nearly similar results as the von-Mises stress
distribution. These results indicate that cumulative stress

generated during repetitive range of motion exercises
may be dispersed through the strap, thereby potentially
reducing the possibility of fatigue fractures occurring
at the link area. Thus, hinge fractures, a critical compli-
cation of conventional PIP] FH implant [1, 27], can be
reduced using the novel PIP] as an alternative. This sug-
gests that the novel PIP] implant may potentially yield
better results in terms of implant longevity compared
with the conventional PIP] FH implant.

Among the similarities between the stress and strain
distribution, one difference was observed at the position
of the stress and strain points in the FE analysis result
for the PIP] FH implant. While the maximum stress
point was at the cross-sectional plane of the stem, the
maximum strain point was at the inside of the hinge. It
is because the cross-sectional plane was constrained
not to deform by the boundary condition of FE analy-
sis. Thus, the plane exhibited large stress without maxi-
mum strain. This plane matched the position where the
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Fig. 6 The distribution of von-Mises strain for the conventional PIPJ FH implant at 0°, 30°, 45°, 60°, and 90° of PIPJ flexion

stem is inserted in the medullary canal, a similar con-  between the stem and the medullary canal was excluded
straint restricting deformation occurs, and implant fail-  in the present FE analysis. Therefore, further analysis is
ure occurs [30—32]. However, the precise contact model  warranted.
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Fig. 7 The distribution of von-Mises strain for the novel PIPJ implant at 0°, 30°, 45°, 60°, and 90° of PIPJ flexion
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Fig. 8 A) Line plot depicting the variation of maximum von-Mises strain for the two implants based on the PIPJ flexion angle. B) Line plot depicting
the variation of the mean von-Mises strain of the two implants based on the PIPJ flexion angle

The results of FE analysis for the moment reaction indi-
cated that the mean value within a PIPJ’s functional range
of motion of the total moment reaction for the novel PIP]
implant was approximately 49.6-fold lower compared
with that of the conventional PIP] FH implant. The max-
imum value of the total moment reaction for the novel
PIPJ implant at 90° was 30.38-fold lower compared with
that of the conventional PIP] FH implant. For conven-
tional PIP] FH implants to achieve small maximum and
mean reaction moments similar to those of novel PIP]
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Fig. 9 Line plot depicting the variation of the total moment reaction
for the two implants based on the PIPJ flexion angle

implants, the height of the cross-sectional area of the
hinge should be approximately 3.7- or 3.1-fold smaller,
because the bending moment shows a cube relationship
with the height of the cross-sectional area. However,
it is inadequate because the small cross-sectional area
decreases strength against the large compressive force
necessary for grasping or pinching objects. In contrast,
the novel PIPJ implant can withstand a large compressive
force because of the large cross-sectional area formed
by compressed straps between two heads. These results
indicate that the elastic rebound strain of the novel PIP]
implant had considerably lower values compared the
conventional PIP] FH implant. Therefore, the novel PIP]
implant inserted with PIPJ can be moved with less driv-
ing force compared with the PIPJ] with the conventional
PIP] FH implant. Moreover, it also suggests an advantage
at achieving a larger range of motion of the PIPJ. There-
fore, the novel PIPJ implant using RC] mechanism may
be considered as a valuable alternative to address the
issue of limited recovery of range of motion after finger
joint replacement arthroplasty. In addition, by enabling
a smoother and more natural movement of the hand, it
may also contribute to improved hand function. How-
ever, the analysis of the aforementioned results may have
not contributed to determining implants with optimal
physiological conditions for optimal performance.
Several medical-grade silicone elastomers have been
used to evaluate small, flexible joint implants [33, 34].
Silicone elastomer is a rubber-like material that exhib-
its hyperelastic behavior, characterized by large non-
linear reversible elastic deformation [15, 16]. Various
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hyperelastic material models have been proposed to
mimic the characteristics of hyperelastic materials [16].
In this study, the Arruda-Boyce hyperelastic material
model was selected to solve the FE model. It is a micro-
mechanical model that describes the deformation behav-
ior of polymeric materials [35]. The Arruda-Boyce model
has slower model calculation speed compared with the
Neo-Hookian model, but effectively describes strains
over 300% [19, 36, 37]. Therefore, it is considered a suit-
able model for this study, which analyzed silicone elas-
tomers and exhibited large strains during the range of
motion process.

This study had several limitations. First, fatigue-type
stress, which evaluates the effect of repetitive motions in
the daily life on implants, and critical loading could not
be simulated in this study. Second, the material proper-
ties used in this study are different from those of the real
PIP] FH implant. Therefore, the results from the present
study may differ from laboratory tests performed with
PIP] FH implants. Third, because the mechanical loading
applied to the PIP] may vary depending on race, gender,
occupation, and lifestyles, various mechanical loading
conditions such as traction-compression or varus—val-
gus loading should be considered. Fourth, the variation
in the FE analysis results because of temperature changes
was not considered. The strain energy density function
of the Arruda-Boyce hyperelastic material model used in
the FE analysis of this study was affected by temperature
changes. Finally, since this study focused on a compara-
tive analysis of flexible implants with hyperelastic mate-
rial properties, a comparison between the novel RC]
implant and implants made of different materials, such
as pyrocarbon or surface replacement implants, was not
conducted.

Conclusions

To best of our knowledge, this is the first study to com-
pare the biomechanical characteristics of the conven-
tional PIPJ FH implant with a novel PIPJ implant using
the RC] mechanism. The novel PIP] implant using the
RCJ mechanism exhibited a better force distribution and
lower moment reaction during range of motion com-
pared with the conventional PIP] FH implant and may
exhibit acceptable longevity. Future studies on the FE
analysis, including various loading conditions, and the
experimental validation of the FE analysis may help accel-
erate the clinical application of RCJ mechanism implants
in total PIPJ arthroplasty.
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