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Abstract: Approximately 24 out of every 100 adults in the
United States, or 58.5 million people, have arthritis, which re-
fers to a condition that causes pain and inflammation in a joint
according toUSNational Center for ChronicDisease Prevention
andHealth Promotion. Osteoarthritis is themost common type
of arthritis, and it may damage almost any joint but mainly
occur in hands, hips and knees. While there are several joint
replacement options for hips and knees, there are only limited
options for finger joints. In this paper, we report on several
aspects of testing of novel finger joints: testing apparatus
design, cadaveric performance test andmaterial testing results
of titanium joints using 3D-printed Ti6Al4V extra low intersti-
tial (ELI). Soft cadaveric hands with finger joints were surgi-
cally replaced by additively manufactured titanium joints
following the exact same anatomy of the cadavers. These small
joints were engineered to mimic the biological and natural
movements offingers. The apparatus,methodology and results

of biomechanical tests were deployed to evaluate and validate
the joints particularly those of titanium joints manufactured
via laser powder bed fusion methods (PBF-L/M).

Keywords: Ti6Al4V; beta transus; additive manufacturing;
biomechanical testing; finger joint; proximal interphalan-
geal joint

1 Introduction

Themain indications of the need forfinger joint replacement
are not only limited to osteoarthritis and rheumatoid
arthritis but also from the persistent pain prior to destruc-
tion by arthritic diseases, signs of joint deformity and joint
contracture with limited flexion arc. Osteoarthritis, themost
common type of arthritis, may damage almost any joint but
mainly small joints such as fingers are affected. Currently,
there are only limited options for finger joints with limited
number of publications compared to those of hip and knee
prosthesis. In accordance with the findings of Gibson et al.
[1], the optimal joint implant is characterised by three key
attributes:
(1) Adherence to anatomical structure enabling a normal

range of motion.
(2) Secure fixation promoting osseointegration.
(3) A high level of wear resistance

The inception of joint prostheses for finger joints can be
attributed to Swanson [2]. The adoption of finger joint re-
placements gained momentum during the 1960s, resulting in
the utilisation of numerous prostheses. Over time, an array of
material options has emerged,withmetal-on-metal (MOM) and
ceramic-on-ceramic (COC) articulations garnering popularity
due to their corrosion resistance and minimal fracture inci-
dence. Today, different materials such as silicone, pyrocarbon,
and titanium are preferred by surgeons because of their ad-
vantages. In the case of silicone prostheses, they readily
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succeed in alleviating the strain on the affected fingers; how-
ever, there are a few complications. The joint prostheses often
exhibit restricted abduction–adduction motion and have a
limited lifespan, with some fracturing within 2–10 years [3].
Smaller prostheses are particularly prone to early fractures,
possibly due to lipid absorption, leading to mechanical and
chemical deterioration [3, 4]. Approximately 40% of removed
prostheses show fractures, and 17% cause persistent pain [5].
To facilitate prosthesis design, a comprehensive understand-
ing of the anatomical intricacies of the interphalangeal and
metacarpophalangeal joints of the hand is imperative.Within
each finger, excluding the thumb, there exists a meta-
carpophalangeal joint (MCP), a proximal interphalangeal
joint (PIP), and a distal interphalangeal joint (DIP). The MCP
joint is situatedproximal to the PIP joint,which in turn resides
proximal to the DIP joint. Notably, the DIP joint’s range of
motion is contingent upon the movement of the PIP joint,
while the PIP joint’s motion is independent of the MCP joint,
permitting distinct simulation. The PIP joint, exhibiting a
uniaxial degree of freedom, allows flexion and extension up
to an angle of 110° [6, 7].

Dynamic testing of the human PIP joint is an area of
interest research to the biomechanics community. A number
of different styles ofmachines have beendesigned to simulate
loads and motions at joints during various task scenarios,

which simulate daily living activities [6, 8, 9]. We have
developed a prototype for a machine that simulates the
movement of the (PIP) proximal interphalangeal joint. This
could lead to further understanding of certain finger joint
movements, which contribute to varied applications such as
the design of rehabilitation machines, prosthesis design and
the assessment of those prototypes. The rehabilitation of
finger joints is commonly needed due to loss of joint function
after joint replacement surgery or the development of muscle
spasticity after experiencing a stroke [10].

In this paper, we aimed to investigate three important
aspects of 3D-printed PIP joint prostheses: (1) metallography
and SEM analysis of as-printed and heat treated specimens,
(2) biomechanical tests performed on cadavers using range
of motion (ROM) simulator and (3) surface analysis of fret-
ting and roughness after 200,000 cycles.

2 Methodology

Finger joint prostheses were designed following cadavers’
anatomical structure to mimic the PIP joint movement,
which has one degree of freedom that allows them to move
in an arc motion of up to 110° [6], as shown in Figure 1. The
index, middle and ring fingers were harvested from two
female and one male specimens with no known history of
arthritis or hand trauma. The prostheses of cadavers 1, 2 and
3 had dimensions as shown in Table 1.

The prosthetic components were engineered using grade
23 titanium alloy (medical-grade Ti–6Al–4V extra low inter-
stitial) powder and manufactured through the selective laser
melting (i.e. laser powder bed fusion methods (PBF-L/M)
technique) on a titanium powder bed, a process facilitated by
Meticuly Co., Ltd., headquartered in Singapore. Subsequent
refinement procedures involved successive polishing and
acid-etching stages aimed at eliminating residual particles
and reducing frictional resistance on the joint surface.
Following fabrication, a rigorous cleaning protocol utilising
ultrasonic oscillations was employed. The final surface

Figure 1: Schematic of the investigated prosthesis that was designed to
mimic the range of motion with one degree of freedom movement.

Table : Design dimension of the prosthesis.

Cadaver  Cadaver  Cadaver 

Index Middle Ring Index Middle Ring Index Middle Ring

. Distal stem diameter
– Minor diameter (mm) . . . . . . . . .
– Major diameter (mm) . . . . . . . . .
. Distal stem length (mm) . . . . . . . . .
. Proximal stem diameter (mm) . . . . . . . . .
. Proximal stem length (mm) . . . . . . . . .
. (Before) Hinge roughness (µm) . . . . . . . . .
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roughness (Ra) was controlled to measure 3.69 ± 0.10 µm. The
prosthetic components were then dorsally inserted into three
distinct cadaveric specimens for subsequent analysis and
evaluation, as demonstrated in Figure 2.

The biomechanical testing of PIP prosthesiswas designed
to evaluate finger joint movement in dynamic mode. The test
setupwas aimed to imitate phalangesmovement inwhich the
parallel four-bar linkage is employed. The parallel four-bar
linkage is employed tomimic themovement of a human joint,
as the motion is similar and widely used in finger simulation,
robotics and prosthetics [9, 11, 12]. The tendons and muscles
affected across the jointwere consideredand simulatedby the
device through adjustable strut as described in earlier reports
[13–15].

The finger specimen was embedded into a finger cap
and fixed by an adjustable nylon cable tie, which allows the
PIP joint to move while restricting the movement of the DIP
joint, as shown in Figure 3. In the middle, the connector rod
is attached to the driver to line up the mechanism with the
phalanges of the hand as shown in Figure 3. The adjustable
strut is used so that it can simulatemovement in the PIP joint
and reflect the different lengths of each finger. The motor
was controlled by a programmed circuit board to produce a
constant ROM and a constant frequency.

The testing device was verified by comparing the four
cycles range ofmotion (ROM) of the PIP joint throughmotion
recording with actual PIP joint movement. Arc of motion
between the two extremes under this device was 90° where
the actual maximum arc of motion that a PIP joint can flex
and extend is up to 110° before hyperextending, but the
actual active ROM during everyday use is approximately 0°–
90° [16]. The angle of flexion on the dorsal and ventral sur-
face of the PIP joint was measured and averaged using
ImageJ software (National Institute of Healths, USA).

The dynamic test was done on index, middle and ring
fingers of three aforementioned cadavers, under 50,000
continuous cycles at 3.4 Hz, which is equivalent to 200,000 cy-
cles of normalhumanfingermovement. The surface roughness
of articulated components of each prosthesis pre- and post-
testing was acquired as the average of 30 linear lines from
Profilometer (KeyenceVK-X3000, Belgium).All prostheseswere
removed and virtually examined for surface damage analysis
using a digital microscope (Keyence VK-X3000, Belgium).

3 Results and discussion

During the 3D printing process, particularly with techniques
such as selective lasermelting (SLM) employed for fabricating
titanium prostheses, structures with desirable mechanical
properties can be achieved, similar to other studies [17, 18].
However, in cyclical loading, concerns regarding fatigue
resistance persist and draw attention to the printing process
and subsequent heat treatment process. To establish assur-
ance regarding fatigue resistance and desirable mechanical
properties, a stringent acceptance criterion on 99.0% or
higher for density was set. The following tests were

Figure 2: Illustration of the PIP joint when inserted in cadaver between
proximal phalanges and intermediate phalanges.

Figure 3: Biomechanical testing apparatus to investigate wear and
longevity of finger joints.

Figure 4: Secondary electron micrographs of as-printed Ti6Al4V ELI
specimen revealed themicrostructure consisting of two phases, which are
the α′ phase as fine acicular martensite needles inside the prior β grain
that formed along with build direction.
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administered: optical metallography investigation, SEM
micrograph analysis and Archimedes density measurement.

All optical metallography images and SEM micrographs
revealed themicrostructure of 3D-printed titanium to be fully
dense. No pores or defects were found in the areas investi-
gated. As shown in Figures 4 and 5, SEM secondary electron
micrographs indicated fully dense in the magnification
shown. As-printed Ti6Al4V ELI specimen is shown in Figure 4,
consisting of fine acicular martensite domain, α′ phase, inside
thepriorβ grainwhich formedalongwithbuild direction. The
α′ phase has high ultimate tensile strength but very low
ductility. Accordingly, the heat treatment at below β-transus

temperature was performed to improve the ductility by
inducing the phase transformation from α′ to α + β phase,
which can be observed in other studies [19].

In Figure 5, the microstructure of heat treated Ti6Al4V
ELI specimen confirmed coarser features, as shown are α
(alpha) phase representing the darker contrast region and β
(beta) phase as the lighter contrast along the grain boundary.
In both SEM micrographs, keyhole defects or lack of fusion
defects were not detected. Archimedes density measure-
ments were averaged to be 99.08 % ± 0.06 % to confirm the
dense appearance as observed in the SEM. Porosity and de-
fects within the printed structure can act as stress concen-
trators, potentially reducing fatigue resistance. Careful
control of printing parameters and thorough inspection can
mitigate the presence of defects.

Grain texture was found in the as-printed micro-
structure following print direction and heat flow direc-
tion. Texture was no longer detected after the heat
treatment. The transformation is an indication that the
residual stress that was accumulated during the laser
printing had been relieved. Residual stresses arising
during the printing process may affect fatigue behaviour.
Proper heat treatments and stress-relieving procedures
can be employed to minimise residual stresses and
enhance fatigue resistance.

Onto the 3D-printed prostheses, as they were surgi-
cally replaced into cadavers’ fingers, the fingers were then
subjected to the range of motion (ROM) simulator. The arc
of motion between flex and extend position was measured
to verify the ROM of the testing device to mimic the PIP

Figure 5: Secondary electronmicrograph of heat treated Ti6Al4V ELI (the
dark regions were α phase and the lighter regions were β phase along the
grain boundary, there is no longer textured orientation and in overall the
microstructure was fully dense and free of defects).

Figure 6: Optical observation of the surfaces in
hinge area of prosthesis in index finger,
a) before the test, b) after the test,
c) magnification of the red box in Figure 1a
(before the test) and d) magnification of the
red box in Figure 1b (after the test).
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joint. After using ImageJ software to find the average ROM
of the joint simulation prototype for four cycles, it was
found that on average the prototype was able to flex and
extend the human PIP joint at an average of 1.90° ± 1.12°–
90.13° ± 1.81°. This deviates slightly from the set range of
0°–90°, with the percentage error being 1.05 % for the
minimum angle of flexion (0°), and the percentage error
being 1.07 % for the maximum angle of flexion (90°). This

verified the ROM of the testing device to be close to the
average ROM of a human PIP joint during everyday use,
which is 0°–90° [16].

The articulated hinge area of the prosthesis is designed to
slide against each other, resulting in an increase of friction at
the surface of the hinge. Surface topography of the hinge area
before and after 50,000 continuous cycles of index, middle
and ring fingers is shown in Figure 6, 7, and 8, respectively.

Figure 7: Optical observation of the surfaces in
hinge area of prosthesis in middle finger,
a) before the test, b) after the test,
c) magnification of the red box in Figure 1a
(before the test) and d) magnification of the
red box in Figure 1b (after the test).

Figure 8: Optical observation of the surfaces in
hinge area of prosthesis in ring finger,
a) before the test, b) after the test,
c) magnification of the red box in Figure 1a
(before the test) and d) magnification of the
red box in Figure 1b (after the test).
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The scratchmarks pattern distributed homogeneously on the
contact surfaces were similar over all three protheses and
indicated wear on the counterface. This is correlated with
wear ofmetal-on-metal joints. Striation andburnishing canbe
observed on the contacted surfaces, which is similar to light
scratches to other studies [20]. Changes in size, shape, pitting
and fretting were not observed at macroscopic level.

The surface roughness of the articulated area was
measured and is shown in Figure 9. All three fingers
showed a decrease in average surface roughness with dif-
ferences of 0.67 ± 1.31, 0.97 ± 1.20 and 0.52 ± 0.10 µm,
compared to the average surface roughness before the test
in index, middle and ring fingers, respectively. The
decrease in average surface roughness is similarly shown
in other studies [21]. Middle finger showed the largest
roughness difference, which is due to the anatomical dif-
ferences in the indexfinger, which is both longer and exerts
more force than the middle and ring fingers. The roughness
values were in acceptable range for prosthesis usage.
However, further studies are required, for example, to
investigate the metal debris and to compare with the life-
time of silicone joints.

4 Conclusions

Additively manufactured Ti6Al4V ELI prosthesis for PIP
joints were manufactured, studied and validated for per-
formance. The demonstrated workflow is an essential first
step towards assuring the quality of implantable devices and
their longevity in future clinical investigation. SEM micro-
graphs revealed texturedmicrostructure of acicular α′ phase
inside β grains in as-printed specimens and homogeneous

microstructure of α and β in heat-treated specimens. 3D built
density was found to be above 99 %. The range of motion
simulator was constructed with four-bar linkage construc-
tion and cadaveric investigation of inter-linked PIP joints
were performed up to 200,000 cycles. The roughness of the
articulated and contacted surfaces improved in many cases
similar to the mechanical peening effect. Linked PIP joints
are particularly useful when soft tissues such as ligament,
tendon and muscles are weak; hence, the interlocked joint
could raise joint stability.
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