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Abstract
Objective  Ni-Ti memory alloys are unusual materials for hard-tissue replacement because of their unique 
superelasticity, good biocompatibility, high strength, low specific gravity, low magnetism, wear resistance, corrosion 
resistance and fatigue resistance. The current study aims to evaluate its mechanical properties and provide 
biomechanical basis for the clinical application of the prosthesis.

Methods  Ten adult metacarpophalangeal joint specimens were randomly divided into a prosthesis group (n = 5, 
underwent metacarpophalangeal joint prosthesis) and a control group (n = 5, underwent sham operation). Firstly, 
the axial compression strength was tested with BOSE material testing machine to evaluate its biomechanical 
strength. Secondly, these specimens were tested for strain changes using BOSE material testing machine and GOM 
non-contact optical strain measurement system to evaluate the stress changes. Thirdly, fatigue test was performed 
between groups. Lastly, the mechanical wear of the metacarpophalangeal joint prosthesis was tested with ETK5510 
material testing machine to study its mechanical properties.

Results  Axial compression stiffness in the prosthesis group was greater than that in the control group in terms of 
30 ° and 60 ° flexion positions (P < 0.05). There was no statistically significant difference between two groups with 
regards to axial compression stiffness and stress change test (P > 0.05). In the fatigue wear test, the mean mass loss in 
the prosthesis group’s prosthesis was 17.2 mg and 17.619 mm3, respectively. The mean volume wear rate was 0.12%. 
There was no statistically significant difference in the maximum pull-out force of the metacarpal, phalangeal, and 
polymer polyethylene pads between the prosthesis group and the control group specimens.
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Introduction
The metacarpophalangeal joint plays a crucial role in the 
functional activities of the hand. Patients with metacar-
pal and phalangeal bone injury and joint stiffness due to 
various reasons can be treated by joint fusion, free meta-
tarsophalangeal joint transplantation and artificial meta-
carpophalangeal joint replacement [1–4]. Burman [5] first 
reported the replacement of metacarpophalangeal joint, 
which has gradually been performed for metacarpopha-
langeal joint stiffness and pain. Artificial metacarpopha-
langeal joint replacement, including restricted prosthesis, 
semi restricted prosthesis and non-restricted prosthesis, 
is a kind of operation that can reconstruct metacarpo-
phalangeal joint, restore joint range of motion, solve joint 
pain and maintain the appearance of the hand. Even sat-
isfactory outcomes can be achieved for severe metacar-
pophalangeal arthritis, it is still not as mature as hip and 
knee replacement. Due to the relatively complex anatom-
ical structure of the metacarpophalangeal joint as well as 
the difficulties in selecting prosthetic materials, none of 
prosthesis has been widely used in clinic [6, 7].

Existing articles have studied the biomechanics of 
Swanson prosthesis using finite element model and arti-
ficial bone, but neither finite element model nor artificial 
bone can simulate the complex microstructure and vari-
ous mechanical characteristics of organic human bone [8, 
9]. Orthopedic biomechanics is a discipline that applies 
engineering principles, especially mechanical mechan-
ics principles, to clinical medicine to solve the problems 
encountered in orthopedic department. It is also a very 
important branch of biomechanics. With the deepen-
ing of biomechanics research, biomechanics has become 
an important tool in orthopedics clinical and scientific 
research, and has a profound impact on the design of 
artificial prosthesis, fracture prevention, treatment, reha-
bilitation and prognosis, as well as clinical diagnosis and 
treatment [10, 11]. Therefore, the use of human hand 
specimens and biomechanical methods to study the bio-
mechanical characteristics of the prosthesis after pros-
thetic replacement are still needed. Ni-Ti memory alloy 
has been attracted more attentions in recent half a cen-
tury, which characterized by high strength, low specific 
gravity, low magnetism, wear resistance, corrosion resis-
tance, fatigue resistance and non-toxicity [12–14]. This 
material not only has the same elastic modulus as human 
bone, but also has good biocompatibility and unique con-
tinuous automatic compression function [15, 16].

Therefore, Ni-Ti memory alloy was designed as a new 
type of metacarpophalangeal joint prosthesis. In the cur-
rent study, we aim to evaluate biomechanical properties 
of the prosthesis and provide mechanical basis for its 
clinical application.

Methods
Design of Ni-Ti memory alloy metacarpophalangeal joint 
prosthesis
2 mm thick Ni-Ti memory alloy plate was selected as the 
main material for the prosthesis. High molecular poly-
ethylene was chosen as the gasket material for the distal 
articulation of the prosthesis. The high molecular poly-
ethylene gasket and the metal contact part of the pros-
thesis are connected using ultrasonic welding technology. 
Based on our previous measurement of the anatomical 
structure of adult metacarpal, phalangeal, and meta-
carpophalangeal joints, the designed tail length of the 
prosthesis was set as 25 mm. These were designed as an 
arc-shaped bend that conforms to the shape of the pulp 
cavity of the metacarpal and phalangeal bones, by using 
a one-way memory design to make a support angle of 3° 
at the tail of the prosthesis. The tail of the prosthesis is 
designed as an inverted fixed tooth structure to increase 
resistance to extraction. Deformation and recovery 
temperatures were 0–4 ℃ and 35–40 ℃, respectively 
(Fig. 1A). According to the “memory principle” of Ni-Ti 
memory alloy, the prosthesis handle can be placed into 
the pulp cavity when the prosthesis is at the deformation 
temperature. Then, the prosthesis handle can automati-
cally restore to the “mother phase” based on the change 
of temperature. At the same time, the prosthesis handle 
will produce a continuous pressure on the pulp cavity 
wall, so that the prosthesis can be firmly fixed in the pulp 
cavity (Fig. 1B C). Biomechanical properties were tested 
to analyze biological properties of the prosthesis, includ-
ing axial compression stiffness test, strain performance 
test, fatigue test and mechanical wear test.

Biomechanical performance test
In order to enable the prosthesis to be used in clinical 
practice, biomechanical properties were tested, including 
axial compression stiffness test, strain performance test 
and fatigue wear test. The cadaver study was approved by 
the 920th Hospital Ethics Committee of the Joint Logistic 
Support Force (No.2020-002-01), which consists of five 
members. All methods were carried out in accordance 

Conclusions  Ni-Ti memory alloy metacarpophalangeal joint prosthesis conforms to the biomechanical 
characteristics of metacarpophalangeal joints without implants, and the fatigue strength can fully meet the needs of 
metacarpophalangeal joint activities after joint replacement.
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with relevant guidelines and regulations. Written 
informed consent was obtained from the the donor.

Adult hand specimens (gender, side no restrictions) 
were selected in the current study, with an average age of 
42 years old, and provided by Henan Daqing Biotechnol-
ogy Co., LTD, China. Inclusion criteria: the joint capsule 
and lateral collateral ligament at the metacarpophalan-
geal joint were intact. Exclusion criteria: anatomical 
deformities of hands caused by tuberculosis, rheumatism 
and other reasons in the past. Moreover, patients with 
fractures and tumors in the hand were also excluded by 
X-ray examination.

Experimental materials included Ni-Ti memory alloy 
prosthesis (Lanzhou Ximai Memory Alloy Co., Ltd, 
China), 3510AT BOSE material testing machine (Tekscan 
Company, USA), GOM non-contact optical strain mea-
surement system (GOM Company, Germany), surgical 
instruments, fixtures, self-curing denture acrylic and self-
curing denture base (Mechanical Laboratory of Southern 
Medical University, China). All mechanical experiments 
were performed at room temperature.

Axial compression stiffness test
Ten hand specimens were randomly divided into pros-
thesis group and control group according to the digital 
table method, with 5 sides in each group. In the pros-
thesis group, 2-5th metacarpophalangeal joint of 5 hand 
specimens was implanted with new Ni-Ti memory alloy 
prostheses. Taking the second metacarpophalangeal joint 
as an example, an arc incision was taken on the dorsum 
of the second metacarpophalangeal joint. The joint cap-
sule was cut, the metacarpophalangeal joint was exposed, 
and the cartilage surfaces as well as the bony part of the 
metacarpal and phalangeal bones were removed. The 
excision thickness was equal to the width of the prosthe-
sis joint axis. The collateral ligaments at the metacarpo-
phalangeal joint was kept intact during resection. Drill 
bit was used to make a channel with the same length as 
the prosthesis handle along the medullary cavity, and 

then the mushroom drill was used to expand the pulp 
with almost no destroy to the cortical bone in medullary 
cavity. The new Ni-Ti memory alloy prosthesis was suc-
cessfully implanted into the medullary cavity after being 
placed in 0 ℃ ice water which helps the prosthesis handle 
closed together. Then 35 ℃ warm water was poured into 
the pulp cavity to restore the shape of the prosthesis han-
dle. The incised joint capsule was sutured after checking 
that the implanted prosthesis was not loose and the range 
of motion of the joint was fine. The metacarpophalangeal 
joints after prosthesis implantation are shown in Fig. 1B 
and the X-ray film is shown in Fig. 1C. Similar procedure 
was performed for the other metacarpophalangeal joints. 
Then the 2-5th metacarpophalangeal joint of 5 hand 
specimens were dissociated, retaining intact joint capsule 
and collateral ligament. Finally, the base of metacarpal 
bone and proximal phalangeal bone of each dissociated 
metacarpophalangeal joint were vertically fixed in molds 
injected with a mixture which was mixed with self-curing 
denture acrylic and self-curing denture base at a ratio of 
5:3. After the self-curing denture acrylic was completely 
solidified, the preparation of 2-5th metacarpophalan-
geal joint specimens implanted with new Ni-Ti memory 
alloy prostheses was completed, as shown in Fig. 2A. In 
the control group, the specimens were only cut in the 
same way and then tightly sutured without prostheses 
implanted. Then the metacarpophalangeal joint was dis-
sociated and fixed by the same method with the prosthe-
sis group.

The specimen was fixed on the BOSE material test-
ing machine in the straight position (Fig.  2B). Before 
the experiment, to make the specimen in close contact 
with the BOSE material testing machine and eliminate 
the error caused by the elastic creep of the ligament, 
the specimen was preloaded by applying a vertical load 
at a loading speed of 10  N/S, and keeping for 1 ~ 2  min 
when the load was up to 100  N [17]. Then, a verti-
cal load of 0 ~ 350 N was applied to the specimen in the 
straight position at the loading speed of 10  N/S. Axial 

Fig. 1  Introduction of Ni-Ti memory alloy prosthesis. A, production of Ni-Ti memory alloy prosthesis; B, Prosthetic hand specimen; C, X-ray after prosthesis 
implantation
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compression displacement of the specimen was recorded 
at the load of 50, 100, 150, 200, 250, 300 and 350 N. Axial 
compression stiffness was further calculated under the 
vertical load. Similar text was performed for the speci-
men at different position, including 30° and 60° flexion 
of metacarpophalangeal joint (Fig. 2C) [18]. Each sample 
was repeated for 3 times. All specimens were made and 
fixed by the same researcher, and all data in BOSE mate-
rial testing machine system were collected and recorded 
by another researcher. (Computational formula: Axial 
compression stiffness = axial load/axial displacement; 
Axial load = maximum loading load - initial load; Axial 
displacement = maximum load displacement - initial load 
displacement)

Strain performance test
The second metacarpophalangeal joint of 10 hand speci-
mens was randomly divided into prosthesis group and 
control group according to the digital table method, with 
5 in each group. Second metacarpophalangeal joint of 5 
hand specimens were implanted with a new Ni-Ti mem-
ory alloy prosthesis as the prosthesis group, with the 
same surgical method. Soft tissue around the joint were 
completely removed and only retained the bony part. 
Subsequently, spray speckle treatment was performed 
on the specimens (Fig. 3A) [19, 20]. In the control group, 
5 specimens of the second metacarpophalangeal joint 
without implants were set as the control group, which 
only remove the soft tissue around the joint. Then the 
same method was used to spray speckle treatment on the 
specimens.

The two groups of specimens were vertically fixed on 
the BOSE material testing machine. Before the experi-
ment, the specimen was preloaded with the same 
method, and then a vertical load of 0 ~ 350 N was applied 
to the specimen at a loading speed of 10 N/S. The non-
contact optical strain gauge was used to measure the 

specimen at four positions, namely, the palmar, dorsal, 
ulnar and radial sides (Fig. 3B). Record the strain change 
at each position when the load is 50, 100, 150, 200, 
250, 300 and 350  N, respectively. Strain measurement 
method: length, width and distance before deformation 
of the specimen was set as L0 and B0. The length distance 
after deformation was set as L and the width distance as 
B. Grating method was applied to spray speckle on the 
specimen. The ARAMIS stereo camera in the GOM non-
contact optical strain measurement system can use the 
spray speckle to obtain a large amount of three-dimen-
sional length distance and width distance before and after 
deformation of the specimen (Fig. 3C), and to further cal-
culate the full field strain. (εy= (L-L0) /L0; εx= (B-B0) /
B0).

Strain data is exported through the GOM system, and 
each specimen is measured 3 times repeatedly. All data 
collection and specimen production are completed by 
the same 2 experimenters.

Fatigue wear test
The Ni-Ti memory alloy metacarpophalangeal joint pros-
thesis is provided by Lanzhou Ximai Memory Alloy Co., 
Ltd., and the ETK5510 fatigue testing machine, ultra-
sonic cleaning machine, vacuum drying box, fixture, 
etc. are provided by Shanghai Baifan Testing Company; 
The fatigue wear tests were all completed under indoor 
constant temperature and humidity conditions, with an 
ambient temperature of 25 ℃ and a relative humidity of 
53%.

Five memory alloy prostheses produced in the same 
batch (numbered 1–5) were randomly selected using 
the digital table method. Before experiment, the pros-
theses were placed in an ultrasonic cleaning machine 
and shaken with deionized water for 10  min, followed 
by rinsing with deionized water. Then, a cleaning agent 
was added to the ultrasonic cleaning machine and shaken 

Fig. 2  Biomechanical test methods. A, Specimen preparation; B, The prepared metacarpophalangeal joint specimens were fixed on the BOSE material 
testing machine in the extended position; C, The prepared metacarpophalangeal joint specimens were fixed in the BOSE material testing machine at 
flexion Angle
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again for 10  min before rinsing with deionized water. 
Furthermore, the prostheses were placed in an ultrasonic 
cleaning machine containing deionized water and repeat-
edly shaken and rinsed three times. Each oscillation time 
is 10 min. After cleaning, the prosthesis is blown dry with 
inert gas and dried in a vacuum drying oven for 30 min. 
Subsequently, each prosthesis is weighed three times 
and recorded. The weighing method follows ISO 14243-
2:2016 Implants for surgery-Wear of total knee-joint 
prostheses-Part 2: Methods of measurement, and the 
weighing results of each prosthesis are averaged.

Specimens were fixed on the ETK5510 material testing 
machine (Fig. 4A), and applied with 0-300 N axial cyclic 
load to simulate the flexion and extension movement of 
metacarpophalangeal joint, with the range of movement 
of 0–60 ° (the frequency of movement of 1 Hz, and the 
number of movements of 1,000,000 times)(Fig.  4B). All 

applied force/angle action and force/motion action follow 
a fixed periodic change rule (Fig.  4C). After the experi-
ment, all prostheses were cleaned, dried and weighed 
again, and the mass loss, volume wear and volume wear 
rate after the experiment were calculated. (Volume 
wear amount = mass loss/polymer polyethylene density 
(0.96 mg/m3); Volume wear rate = Volume wear amount/
Total volume * 100)

Additionally, the polymer polyethylene gasket part of 
the prosthesis was subjected to pull-out force testing: 
five prostheses that had undergone fatigue wear test-
ing were assigned to the prosthesis group, and the other 
five prostheses produced in the same batch that had not 
undergone fatigue wear testing were assigned to the con-
trol group. The prosthesis was fixed on the BOSE mate-
rial testing machine, with a special fixture to connect 
the polymer polyethylene gasket part of the prosthesis 

Fig. 3  Strain performance test. A, Spray speckled specimens; B, Measurement of specimens using GOM non-contact optical strain measurement system; 
C, Strain performance diagram obtained from GOM non-contact optical strain measurement system
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(Fig.  4D). Then, a vertical upward pulling force was 
applied to the gasket, with a loading speed of 10  N/S, 
until the polymer polyethylene gasket is completely 
pulled out and stop. Record the maximum pulling force 
at this time.

Statistical methods
SPSS26.0 statistical software was used to analyze the 
experimental data. The continuous variable data was 
expressed in the form of mean ± standard deviation. The 
difference between the two groups was analyzed by two 
independent sample t-test, and the difference between 
the multiple groups was analyzed by one-way ANOVA. 
P < 0.05 is defined as the difference with statistical 
significance.

Result
In the current study, all specimens were fixed on the test 
machine stably. After the experiment, X-ray fluoroscopy 
was used. All specimens were free of obvious fractures, 
and the prosthesis was free of looseness and fracture.

Axial compression stiffness test
As shown in Table  1, there was no statistically signifi-
cant difference in axial compression stiffness between 
two groups in the 0 ° extension position (P > 0.05). In 
contrast, axial compression stiffness in the prosthesis 
group was greater than that of the control group at 30 ° 
and 60 ° flexion (P values < 0.05). Compared within the 
prosthesis group and the control group, there was no sta-
tistically significant difference in axial compression stiff-
ness between different metacarpophalangeal joints at 
0 ° extension position and 30 ° and 60 ° flexion position 
(P > 0.05).

Strain performance test
There was no significant difference between two groups 
in terms of strain performance test. The strain of meta-
carpal and phalangeal bones in each group increased 
with the increase of load. The strain values of the Ni-Ti 
memory alloy metacarpophalangeal joint prosthesis are 
consistent with the strain changes of the metacarpopha-
langeal joint without implants. (Table 2)

Fig. 4  Fatigue wear test. A, Memory alloy prosthesis fixed on fatigue testing machine; B, Fatigue testing machine simulates flexion and extension activi-
ties of metacarpophalangeal joints; C, Changes in force/angle action and force/motion action; D, Testing the Pullout Resistance of Polymer Polyethylene 
Gaskets
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Fatigue and mechanical wear test
In mechanical wear testing, all prostheses are stably fixed 
on the material testing machine. There was no fracture or 
damage to the prostheses. The average mass loss of the 
prosthesis is 17.2 mg, the average volume wear is 17.619 
mm3, and the average volume wear rate is 1.164%, respec-
tively (Table 3). There was no statistically significant dif-
ference in the maximum pull-out force of the polymer 
polyethylene gasket portion between the prosthesis 
group and the control group (Table 4).

Discussion
The artificial small joint prosthesis has been used for 
many years, but the shortcomings of the products at this 
stage are obvious. The design of new joint prosthesis 
should pursue the following goals: [1] The shape charac-
teristics of the prosthesis can provide sufficient stability 
for the joint, and reconstruct the balance of the joint, so 
that the range of motion of the joint after surgery can be 
as close as possible to the joint without surgery; [2] The 
prosthesis and bone tissue have good biocompatibil-
ity, so that the prosthesis and bone tissue can maintain 
long-term bone connection; [3] Through the innovation 
and improvement of prosthesis materials, the bionics and 
wear resistance of the prosthesis can be improved and 
fracture around the prosthesis can be avoided [21].

Normal and necessary biomechanical load can main-
tain the stability of intraarticular environment, but 
abnormal biomechanical load will accelerate the pro-
gression of joint injury and destruction, and aggravate 
the degree of joint degeneration. With age, long-term 
biomechanical abnormalities caused by joint trauma, 
immobilization and chronic cumulative injury can lead 
to the destruction of joint cartilage and increased joint 
degenerative changes [22, 23]. Biomechanical methods 
can be used to analyze the biomechanical characteristics 
of the prosthesis, and the design of the prosthesis can be 
gradually optimized, so that the joint implanted with the 
prosthesis is more in line with the biomechanical charac-
teristics of human body. In the current study, there was 
no significant difference in the axial compression stiffness 
of the 2nd to 5th metacarpophalangeal joints between the 

two groups in the straight position. The axial compres-
sion stiffness of prosthesis group was greater than that of 
control group at 30° and 60° flexion. Possible reasons may 
be that the polymer polyethylene gasket of the prosthe-
sis has a greater degree of constraint on the joint during 
flexion of the metacarpophalangeal joint. Therefore, the 
specimen implanted with the metacarpophalangeal joint 
prosthesis has a smaller axial displacement under the 
same load, resulting in a relatively higher axial compres-
sion stiffness of the specimen in the prosthesis group. 
There was no statistically significant difference in axial 
compression stiffness between different metacarpopha-
langeal joints in the extension and flexion positions of 30 
° and 60 ° (P values > 0.05), indicating that biomechanical 
properties of the metacarpophalangeal joint specimens 
implanted with this prosthesis were consistent with those 
of metacarpophalangeal joints without implants. In the 
current study, we also observed that the axial compres-
sion stiffness of the specimens in the prosthesis groups 
and control groups gradually decreased with the increase 
of joint flexion angle. This phenomenon may be due to 
the stress concentration phenomenon on the joint sur-
face of the metacarpophalangeal joint without implants 
at the flexion angle, which reduces the contact area of the 
joint surface, resulting in an increase in axial compres-
sion displacement under the same load. The same phe-
nomenon also occurred in specimens in the prosthesis 
group. The reason can be explained as the gasket part 
of the prosthesis is made of ultra-high molecular weight 
polyethylene material, which is an elastic material, and 
the gasket is connected to the prosthesis stem through 
ultrasonic welding. When the load is loaded at the buck-
ling angle, a shear detachment force will be generated 
on the polyethylene gasket, which will increase its axial 
displacement and reduce its axial compression stiffness. 
In the strain test, we found that there was no statisti-
cally significant difference in stress changes between two 
groups, indicating that the strain changes of the specimen 
implanted with the metacarpophalangeal joint prosthesis 
were consistent with the strain of the metacarpophalan-
geal joint without implants. In this study, we also found 
that the strain of the metacarpal and phalangeal bones in 

Table 1  Comparison of axial compression stiffness of the 2nd to 5th metacarpophalangeal joint specimens of the two groups in the 
straight position and the flexion position of 30 ° and 60 ° (n=10, N/mm, −x ±s)
Metacarpophalangeal joint Prosthesis group Control group

Extending Flexion 30° Flexion 60° Extending Flexion 30° Flexion 60°
Second 213.70 ± 9.27 139.56 ± 1.96 122.13 ± 2.76 215.89 ± 12.81 127.75 ± 0.99a 107.64 ± 2.07b

Third 219.45 ± 4.63 140.58 ± 3.28 129.48 ± 6.56 218.67 ± 5.16 130.55 ± 2.05a 110.83 ± 3.72b

Fourth 215.35 ± 1.40 141.92 ± 1.37 123.59 ± 2.75 215.85 ± 1.56 130.06 ± 3.42a 105.40 ± 0.52b

Fifth 215.05 ± 2.45 138.41 ± 0.62 127.17 ± 1.48 217.73 ± 2.16 128.39 ± 0.33a 109.50 ± 0.98b

T 0.640 1.590 2.229 2.302 1.237 3.438
P 0.611 0.266 0.162 0.154 0.358 0.072
Note: aP<0.05 vs. Flexion 30° in prosthesis group; bP<0.05 vs. Flexion 60° in prosthesis group
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both groups of specimens increased with increasing load. 
The strain values of each group of specimens measured 
within the loading range of this experiment are basically 
normal distribution through statistical analysis, and the 
strain of metacarpal bone is greater than that of proximal 
phalanx under the same load. There was also no signifi-
cant change in the strain of the metacarpal and proximal 
phalanges in each group when the load was between 300 
and 350 N, indicating the so-called plateau period, that is, 
the elastic deformation of the metacarpal and proximal 
phalanges has been close to the limit, and the specimen 
will be destroyed if the load is increased again. The pros-
thesis also exhibits excellent performance in fatigue test-
ing and mechanical wear testing. It should be noted that 
the new Ni-Ti memory alloy prosthesis conforms to the 
biomechanical characteristics of metacarpophalangeal 
joints without implants, and also has good stability dur-
ing joint flexion. Its strength and stability can meet the 
needs of normal activities of metacarpophalangeal joints 
in daily life.

The operative time of joint replacement can be shorten 
as much as possible by using this prosthesis we designed. 
The prosthesis handle can be molded into a shape that 
can enter the medullary cavity in 0–3 ℃ normal saline. 
After the prosthesis enters the medullary cavity, 35–40 
℃ normal saline can be poured, and the prosthesis han-
dle can restore the mother phase [24]. At this time, a con-
tinuous pressure force will be generated on the medullary 
cavity wall, and the prosthesis handle can completely and 
firmly fit the medullary cavity, making complex surgery 
become a simple installation process, shortening the 
operation time, reducing the risk of infection. In addition, 
a large number of studies have shown that Ni-Ti memory Ta
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Table 3  Mechanical wear test (n = 5)
No. Mass loss (mg) Volume wear 

(mm3)
Volume 
wear 
rate (%)

1 19.8 20.625 1.35
2 14.2 14.792 0.98
3 16.3 16.978 1.12
4 18.2 17.473 1.16
5 17.5 18.228 1.21
Mean 17.2 17.6192 1.164
Std Dev. 1.88 1.89 0.12

Table 4  Comparison of the maximum pull-out force of the 
polymer polyethylene gasket section between the experimental 
group and the control group (n=10, N, −x ±s)
Group Maximum extraction force 

of polyethylene gasket (N)
Control group 679.74 ± 1.39
Prosthesis group 669.81 ± 1.16
T -12.26
P 0.681
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alloy has good biocompatibility. The intake of human 
physiological nickel is 100 ~ 600 ug/d. The World Health 
Organization stipulates that the minimum daily require-
ment of human nickel is 20 ug, while the minimum toxic 
dose is 600 ~ 2500 ug [25]. Therefore, the lower limit of 
the minimum toxic dose is close to the upper limit of 
human physiological nickel intake, which indicates that 
Ni-Ti memory alloy is safe in vivo [26, 27].

Although the prosthesis conforms to the biomechani-
cal characteristics of the metacarpophalangeal joint 
without implants, and the metacarpophalangeal joint 
activity after implantation of the prosthesis is also close 
to normal, Ni-Ti memory alloy also has certain defect. 
The titanium oxide protective layer can block the release 
of nickel ions to a certain extent, but the high concen-
tration of nickel in the alloy increases the risk of aller-
gic reactions in individual bodies [28]. Therefore, the 
development of nickel-titanium free memory alloys has 
become the focus of attention. In addition, this study 
only designed two types of prosthesis with reference to 
the anatomical data of metacarpophalangeal joint, but 
there are certain anatomical differences in the size of 
the 2-5th metacarpophalangeal joint and the medullary 
cavity of the metacarpophalangeal bone and phalangeal 
bone of the human body. In the later stage, the model of 
the prosthesis needs to be improved to design different 
types of prosthesis that meet the anatomical structure of 
each metacarpophalangeal joint. Finally, this study needs 
to be verified by a larger sample size, and also needs to 
be tested by later clinical application. In subsequent stud-
ies, we will further carry out animal experiments on the 
improved prosthesis.

Conclusions
Eventually, the current study showed that the Ni-Ti 
memory alloy metacarpophalangeal joint prosthesis con-
formed to the biomechanical characteristics of metacar-
pophalangeal joints without implants, and the fatigue 
strength can fully meet the needs of metacarpophalan-
geal joint activities after joint replacement.

Acknowledgements
Not applicable.

Authors’ contributions
MZG, BCQ, JL wrote the manuscript; XWS, HNN, HXS, JXR, XZZ collected the 
data; TY, LY, YQX, MCZ, CLC analyzed the data. All authors read and approved 
the final manuscript.

Funding
Not applicable.

Data Availability
All data generated or analyzed during this study are included in this published 
article.

Declarations

Competing interests
The authors declare that they have no competing interests.

Ethics approval and consent to participate
The cadaver study was approved by the 920th Hospital Ethics Committee 
of the Joint Logistic Support Force (No.2020-002-01) and all methods were 
carried out in accordance with relevant guidelines and regulations. Written 
informed consent was obtained from the the donor.

Consent for publication
Not Applicable.

Author details
1Kunming Medical University, 650500 Kunming, China
2Department of Orthopaedic, 920th Hospital of Joint Logistics Support 
Force, No. 212 Daguan Road, Xishan District, 650118 Kunming, China
3Dali University, 671003 Dali, China
4Yunnan University of Chinese Medicine, 650500 Kunming, China
5Department of Orthopedics, Yanjin County Hospital, 657500 Zhaotong, 
China
6Anatomy department, School of Basic Medical Science, Southern 
Medical University, No. 1023-1063 Shatai South Road, Baiyun District, 
510515 Guangzhou, China

Received: 31 May 2023 / Accepted: 6 September 2023

References
1.	 Martin AS, Awan HM. Metacarpophalangeal arthroplasty for Osteoarthritis. J 

Hand Surg. 2015;40(9):1871–2.
2.	 Burke FD. The rheumatoid metacarpophalangeal joint. Hand Clin. 

2011;27(1):79–86.
3.	 Earp B, Cefalu C, Blazar P. Thumb Metacarpophalangeal Joint Arthritis. J Am 

Acad Orthop Surg. 2019;27(23):e1029–e39.
4.	 Langer M, Grünert J, Ueberberg J, Unglaub F, Spies CK, Oeckenpöhler S. 

[Extensor tendon injuries of fingers in the region of the metacarpophalan-
geal joint (zone V)]. Der Unfallchirurg. 2021;124(4):275–86.

5.	 Spies CK, Langer MF, Löw S, Oppermann J, Hohendorff B, Müller LP, 
et al. [Metacarpophalangeal joint replacement]. Der Orthopade. 
2019;48(5):386–93.

6.	 Yao L, Li C, Li J. [Research progress in artificial metacarpophalangeal joint and 
interphalangeal joint prostheses]. Zhongguo xiu fu chong jian wai ke za zhi = 
Zhongguo xiufu chongjian waike zazhi = chinese. J Reparative Reconstr Surg. 
2019;33(10):1326–30.

7.	 Keller M, Gübeli A, Honigmann P. [Implant arthroplasty in the metacarpopha-
langeal and proximal interphalangeal finger joints]. Handchirurgie, Mikro-
chirurgie, plastische chirurgie: Organ der Deutschsprachigen Arbeitsgemein-
schaft fur Handchirurgie : Organ der Deutschsprachigen Arbeitsgemeinschaft 
fur Mikrochirurgie der. Peripheren Nerven und Gefasse. 2021;53(1):40–6.

8.	 Li S. Biomechanical study of artificial metacarpophalangeal arthroplasty. 
Tianjin Medical University; 2020.

9.	 Melo D, Completo A, Nascimento A, Fonseca F. Biomechanical analysis of 
metacarpophalangeal joint arthroplasty with metal-polyethylene implant: an 
in-vitro study. Clin Biomech (Bristol Avon). 2019;62:79–85.

10.	 Xinlong MA, Jianxiong MA, Weiguo XU, Yang YANG, Bin XU. Expert consensus 
about the methodology of bone biomechanical measurement. Chin J Osteo-
poros. 2014;20(09):1039–54.

11.	 de Zwart AH, Dekker J, Roorda LD, van der Esch M, Lips P, van Schoor NM, 
Heijboer AC, Turkstra F, Gerritsen M, Häkkinen A, Bennell K, Steultjens MP, 
Lems WF, van der Leeden M. High-intensity versus low-intensity resistance 
training in patients with knee osteoarthritis: a randomized controlled trial. 
Clin Rehabil. 2022;36(7):952–67.

12.	 Zupanc J, Vahdat-Pajouh N, Schäfer E. New thermomechanically treated NiTi 
alloys - a review. Int Endod J. 2018;51(10):1088–103.



Page 10 of 10Guo et al. BMC Musculoskeletal Disorders          (2023) 24:738 

13.	 Mansor AF, Azmi AI, Zain MZM, Jamaluddin R. Parametric evaluation of elec-
trical discharge coatings on nickel-titanium shape memory alloy in deionized 
water. Heliyon. 2020;6(8):4812–25.

14.	 Chekotu JC, Groarke R, O’Toole K, Brabazon D. Advances in selective laser 
melting of Nitinol shape memory Alloy Part Production. Mater (Basel). 
2019;12(5):809–28.

15.	 Staiger MP, Pietak AM, Huadmai J, Dias G. Magnesium and its alloys as ortho-
pedic biomaterials: a review. Biomaterials. 2006;27(9):1728–34.

16.	 Sargeant TD, Guler MO, Oppenheimer SM, Mata A, Satcher RL, Dunand DC, 
et al. Hybrid bone implants: self-assembly of peptide amphiphile nanofibers 
within porous titanium. Biomaterials. 2008;29(2):161–71.

17.	 Wu T, Chen W, Zhang Q, Zheng ZL, Lyu HZ, Cui YW, et al. Biomechanical 
comparison of two kinds of internal fixation in a type C zone II pelvic fracture 
model. Chin Med J. 2015;128(17):2312–7.

18.	 Song M, Su Y, Li C, Xu Y. Evaluation of the mechanical properties and clinical 
application of nickel-titanium shape memory alloy scaphoid arc nail. Eng Life 
Sci. 2021;21(5):294–302.

19.	 Zhang JH, Feng P, Cai ZS. Brief introduction of digital speckle correlation 
method for non-contact strain measurement. Phys Chem Test - Phys Div. 
2006;42(9):457–9.

20.	 Tanaka H, TRANSACTIONS OF THE JAPAN SOCIETY FOR AERONAUTICAL AND 
SPACE SCIENCES. Non-contact strain measurement of Mesh Surface using 
Digital Image Analysis. Aerosp Technol JAPAN. 2017;15:a37–a44.

21.	 Su X, Lu Y. Current status and progress of arthroplasty in hand surgery. Chin J 
Joint Surg (Electronic Edition). 2016;10(1):68–72.

22.	 Vanderploeg EJ, Imler SM, Brodkin KR, García AJ, Levenston ME. Oscil-
latory tension differentially modulates matrix metabolism and 

cytoskeletal organization in chondrocytes and fibrochondrocytes. J Biomech. 
2004;37(12):1941–52.

23.	 Kelly PA, O’Connor JJ. Transmission of rapidly applied loads through articular 
cartilage. Part 2: cracked cartilage. Proc Institution Mech Eng part H. 
1996;210(1):39–49.

24.	 Yuan B, Zhu M, Chung CY. Biomedical porous shape memory alloys for hard-
tissue replacement materials. Mater (Basel Switzerland). 2018;11(9).

25.	 Du J, Ding Yf Su, Xd, He L, Hao Wc W. Surface modification and biocompat-
ibility of medical nickel-titanium shape memory alloys. Chin J Tissue Eng Res. 
2012;16:4686–91.

26.	 Hamann I, Hempel U, Rotsch C, Leimert M. Biological Cell Investigation of 
Structured Nitinol Surfaces for the functionalization of implants. Mater (Basel 
Switzerland). 2020;13:15.

27.	 Nagaraja S, Pelton AR. Corrosion resistance of a Nitinol ocular microstent: 
implications on biocompatibility. J Biomedical Mater Res Part B Appl Bioma-
terials. 2020;108(6):2681–90.

28.	 Ibrahim MK, Hamzah E, Saud S, Nazim EM, Bahador A. Parameter optimization 
of microwave sintering porous Ti-23%Nb shape memory alloys for biomedi-
cal applications. Trans Nonferrous Met Soc China. 2018;28(4):700–10.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Mechanical properties evaluation of metacarpophalangeal joint prosthesis with new titanium-nickel memory alloy: a cadaver study
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Design of Ni-Ti memory alloy metacarpophalangeal joint prosthesis
	﻿Biomechanical performance test
	﻿Axial compression stiffness test
	﻿Strain performance test
	﻿Fatigue wear test
	﻿Statistical methods

	﻿Result
	﻿Fatigue and mechanical wear test

	﻿Discussion
	﻿Conclusions
	﻿References


