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Introduction 

Transradial amputation may result from a congenital condition, trauma, infec-
tion, or tumor [1]. In the cases of upper-extremity amputations, trauma is the 
leading cause, accounting for 80% of acquired amputations and occurring most 
often in men aged 15 to 45 years. Meanwhile, the second most prevalent cause is 
tumor and vascular complications of diseases [2]. In the United States, the preva-
lence of amputations was 1.6 million in 2005, with projections suggesting this 
prevalence may double by the year 2050 [3].  

The upper extremities are highly complex limbs with neurovascular bundles, 
lymphatics, muscles, and bones that come together to form a functional append-
age used during daily activities [2]. As such, the loss of the wrist and/or hand 
leads to functional and psychological problems. Depending upon the level of am-
putation, various clinical considerations exist; ultimately, the goal in any amputa-
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Purpose: Conventional osseointegration systems have been applied in patients requir-
ing transhumeral or transfemoral amputation. However, the application of these sys-
tems to transradial amputation is limited by the small diameter of the radius and ulna. 
Our study compared the biomechanical stability of a novel osseointegration system 
with that of a conventional system used in transradial amputation through an analysis 
of finite element (FE) models. 
Methods: We established three-dimensional FE models of transradial amputations, 
which were osseointegrated with both the novel and conventional systems. External 
loads were applied to the FE models with compressive force and tensile force along 
the long axis, horizontal shear force, and vertical shear force. The maximum equivalent 
stress (MES) and the distribution of stress through the radius and ulna were evaluated. 
Results: The MES of the radius and ulna was higher in the conventional system when 
compressive, tensile, and vertical shear forces were applied. However, when a horizon-
tal shear force was applied, the opposite result was found. The distribution of stress 
was more effective in the novel system. 
Conclusion: Three-dimensional FE modeling showed that the novel system enabled a 
lower stress level and a more even distribution of stress for osseointegration in tran-
sradial amputation. 
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tion is to save all viable tissue as this directly correlates with 
improved functional status [4,5]. Lee et al. [6] reported that 
close proximity of the amputation site to the elbow significantly 
decreased residual function, including forearm rotational 
movement. Therefore, it is important to preserve the length of 
the radius as much as possible. 

Currently, only a few osseointegrated transcutaneous pros-
thetic systems (such as OPRA system [Integrum AB, Mölndal, 
Sweden] and ITAP system [Stanmore Medical Group, Steve-
nage, UK]) for use in humans exist but none are approved for 
general use in the United States [7,8]. Conventional osseointe-
gration systems have been applied to transhumeral (OPRA sys-
tem and ITAP system) and transfemoral amputations (OPRA 
system and ISP Endo/Exo prosthesis [ESKA Implants AG, Lu-
beck, Germany]). However, the application of these systems in 
patients requiring transradial amputations has limitations due 
to the small diameter of the radius and ulna. The average intra-
medullary canal diameter of the humerus is 14.5 mm (range, 
9.4–20.5 mm) [9], while the average diameter of the medullary 
cavity of the distal shaft of the radius is 6.7 mm (range, 6.1–7.3 
mm) and the minimum diameter of the ulna medullary cavity 
is 4.2 mm (range, 2.0–6.7 mm) [10,11]. 

In a review of the literature, no biomechanical study about 
osseointegrated implants for the transradial amputee was 
found. Because major upper-extremity amputees account for 
only 8% of the 1.5 million individuals living with limb loss [3] 
and upper-extremity loss does not affect weight-bearing [11]; 
therefore, the importance of upper-extremity amputation is 
lowered. In addition, it is important to recover the fine-move-
ment capacity of the upper extremity, especially the hand and 
wrist, so it is considered to be because the difficulty is higher 
than that of the lower-extremity reconstruction. Applying a 
small implant with the same design as the conventional system 
can increase the risk of periprosthetic fracture due to stress 
concentration in the forearm bone. Through these points, the 
need for a new design for osseointegration in the forearm 
bones has emerged. 

From these points, we made a new design implant with sev-
eral modifications. And in a similar way to Kaku et al. [12] and 
Liu et al. [13], our study aimed to evaluate the stress-distribu-
tion pattern and biomechanical stability of a novel osseointe-
gration system and to compare it with that of the conventional 
system in transradial amputation using a finite element (FE) 
model. The FE model is a mature, validated technique based on 
three-dimensional (3D) computed tomography (CT) datasets 
that integrate structure to estimate bone strength under various 

loading conditions and is increasingly helpful in the preclinical 
testing of orthopedic areas [14]. The FE model divides the tar-
get into a finite number of small elements and enables precise 
prediction and analysis of situations through computer model-
ing. We hypothesized that the novel system would reduce the 
stress intensity and more evenly distribute stress loading 
throughout the radius and ulna. 

Methods 

Ethics statement: This study was conducted after obtaining ap-
proval from the Institutional Review Board of Hanyang University 
Hospital (No. 2020-07-017). We obtained informed consent from 
the patient.

1. Finite element modeling 
We established 3D FE models of transradial amputations, 

which were osseointegrated with novel and conventional sys-
tems. We used the Ansys Workbench ver. 17.0 software pro-
gram (Ansys Inc., Canonsburg, PA, USA) to create FE models. 
Two FE models were created, one representing a transradial 
amputation with a conventional osseointegration implant and 
the other representing the same forearm bones with a novel os-
seointegration implant. The geometry of the forearm bones was 
acquired from CT scans (slice thickness, 1 mm) of a 34-year-
old male patient’s forearm bones. For reading CT data, an 
open-source software (InVesalius) was used, and the comput-
er-aided design exchange program was used to convert CT data 
into 3D remodeling format files. Because the implant had to be 
newly designed according to the curvature of the radius and 
ulna, Vascular Modeling Toolkit program was used to extract 
the centerline of the shape with curvature. The main cause of 
transradial amputation is trauma (up to 80%), which occurs in 
young men (aged 15–45 years) [2], so we set the FE model to 
incorporate the normal bone mineral density of a typical young 
man. The amputated radius and ulna model represented the 
most functional osteotomy level of 18cm below the olecranon 
tip [6]. The surface-shape contours of the two implants were 
fitted in both forearm bones and implemented into the FE 
models. In this process, we designed the FE model under two 
conditions. First, the implants with the same outer diameter of 
the intramedullary part were assumed to be in close contact 
with the bone. Second, the implant and bone were bonded to 
represent full osseointegration. For FE models analysis, Ansys 
program was used, and only default values were used. 
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2. Material properties 
The FE model was fixed at the end of the amputation level of 

the radius and ulna and the interface between the implant and 
bone was modeled as a continuous bond. This arrangement 
implies ideal osseointegration was achieved without any rela-
tive motion at the interface. In other words, the implant was 
rigidly anchored in the bone, showing a fixed and similar type 
of bond at all prosthesis material interfaces. And we set the 
proximal end of the radius and ulna as a fixed condition. The 
biomechanical properties of the radius and ulna bones were 
composed of cortical bone and cancellous bone. The setting 
values are described in Table 1. And for the implant properties, 
we used the properties of titanium alloy provided by Ansys. 

3. Loading conditions and measurements 
External loads were applied to the FE models with compres-

sive and tensile forces measuring 60 N along the long axis 
(Z-axis). Horizontal shear force (X-axis) and vertical shear 
force (Y-axis) to the FE models were similarly applied at a 
strength of 60 N. Various external loads have been applied in 
biomechanical studies on the forearm. We assumed that 60 N is 
the appropriate size for transradial amputee referring to Santo-
ni et al.’s study [15]. Previous studies showed horizontal shear 
force is a force assuming a stress situation that occurs when ra-
dial and ulnar deviation movements occur in the wrist. Vertical 
shear force is a force assuming a stress situation that occurs 
during flexion and extension movements in the wrist and el-
bow. The maximum equivalent stress around integrated im-
plants in the radius and ulna was calculated. Also, the 
stress-distribution pattern of the load applied to the whole 
length of the radius and ulna was evaluated in three sections 
(Fig. 1). All experiments were performed in accordance with 

Table 1. Bone material properties

Material property Cortical bone Cancellous bone
Young’s modulus (MPa)
  X direction 6,900 680
  Y direction 8,500 1,210
  Z direction 18,400 2,050
Poisson’s ratio
  XY 0.42 0.14
  YZ 0.31 0.10
  XZ 0.32 0.11
Shear modulus (MPa)
  XY 2,400 330
  YZ 4,900 600
  XZ 3,600 400

relevant named guidelines and regulations. 

4. Implant design 
Currently, there is no osseointegration system commercially 

available for transradial amputees. However, there have already 
been some tests to apply the existing osseointegration system 
modeled after the shape of a transhumeral or transfemoral im-
plant applied in clinical cases. The conventional osseointegra-
tion system incorporates three main components: a threaded 
titanium implant (the fixture), a skin-penetrating cylindrical 
implant (the abutment), and a titanium screw (the abutment 
screw) [16]. A new implant was designed by modifying several 
points in the conventional osseointegration system (Fig. 2); 
specifically, we designed to allow proximal screw fixation to 
achieve initial rotational stability in the novel osseointegration 
system. The surface of the implant was treated with a porous 
coating so that bony ingrowth could occur better in the distal 
part of the implant, while a longitudinal groove was devised to 
increase the contact area. In addition, the radius and ulna have 
a slight curvature (bowing); so, to reduce the occurrence of iat-
rogenic damage such as cortical breakage or fracture. And the 
diameter of the implant’s middle area was designed smaller so 
as to be more easily bent, facilitating greater adaptation during 
the implant-insertion process. Finally, the stem was designed to 
be longer to reduce the stress concentration at the proximal end 
of the integrated implant and to distribute the stress more 
broadly throughout the radius and ulna. 

Results 

When a loading force of 60 N was applied on the implant 
along the Y-axis (vertical shear force) and the Z-axis (compres-
sive and tensile force), the maximum equivalent stress was higher 
in the conventional model rather than in the novel model except 
for in section 3 of the ulna. However, when a horizontal shear 
force of 60 N was applied (X-axis), the novel system received 
more stress than the conventional system in sections 2 and 3 of 
the radius and sections 1 and 2 of the ulna (Table 2). 

The stress at the proximal radius and ulnar shaft was de-
creased in the novel system when stress was loaded along the 
X-axis (horizontal shear), while that at the shaft of the radius 
was increased in the novel system condition (Fig. 3). When 
stress was loaded along the Y-axis (vertical shear force), the 
stress concentration throughout the radius was decreased in 
the novel system (Fig. 4). Finally, when stress was applied along 
the Z-axis (compressive and tensile forces), the stress concen-
tration throughout the radius and ulna was decreased in the 
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novel system (Fig. 5). 

Discussion 

Patients with amputated limbs have traditionally relied on a 
stump-socket interface for prosthetic attachment [7]. This type 
of prosthetic design is associated with several problems, such as 
skin changes, increased energy expenditure during ambulation, 
and disuse osteopenia [17-19]. Several types of osseointegra-
tion systems have been developed to overcome these problems 
and are currently clinically available; however, these osseointe-
gration systems also encountered several problems of their 

Fig. 2. The new upper-extremity implant design assessed in this 
study. (A) Radius implant and (B) ulnar implant.

A

B

Fig. 1. The stress-distribution pattern and maximum equivalent stress were evaluated in each of the three sections (1, 2, 3) below: (A) 
X-axis and (B) Y and Z-axis.

A

B
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Table 2. Maximum equivalent stress at each section after application of an external load (60 N) along each axis

External load (60 N) application along the axis Section 1 Section 2 Section 3
X-axis
  Conventional system Radius 29.123 32.484 13.027

Ulna 39.335 22.351 17.008
  Novel system Radius 24.194 42.453 14.63

Ulna 104.09 28.816 16.03
Y-axis
  Conventional system Radius 52.21 31.281 27.361

Ulna 15.329 23.733 21.674
  Novel system Radius 49.414 30.366 25.523

Ulna 14.38 22.581 57.157
Z-axis
  Conventional system Radius 1.3949 1.9997 1.1668

Ulna 1.1521 1.1741 3.0583
  Novel system Radius 0.95711 1.593 0.76815

Ulna 0.75936 1.0219 3.9029

Fig. 3. Stress-distribution pattern when stress was loaded along the X-axis at the radius (A) and the ulna (B).

own, which are infection, periprosthetic bone fracture, bone 
loss due to stress shielding, and implant failure [20,21]. Fur-
thermore, we are concerned that the conventional design avail-
able for transhumeral and transfemoral amputees is not suitable 
for the transradial amputee. Specifically, the short length of the 
conventional system inserted into a long bone with a small di-
ameter increases the risk of periprosthetic fracture due to tar-

geted stress concentration. 
Osseointegrated implants are exposed to daily activities, con-

sisting of flexion, extension, supination, and pronation of the 
elbow and radial deviation and ulnar deviation of the wrist. 
Our study showed that, when subjected to horizontal shear 
force, the radius and ulna received higher maximum equivalent 
stress in the novel system. In contrast, with compressive, ten-

A

B
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Fig. 5. Stress-distribution pattern when stress was loaded along the Z-axis at the radius (A) and the ulna (B).

A

B

Fig. 4. Stress-distribution pattern when stress was loaded along the Y-axis at the radius (A) and the ulna (B).

A

B
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sile, and vertical shear forces, the radius and ulna received low-
er maximum equivalent stress in the novel system. Thus, more 
even stress distribution throughout the radius and ulna was ob-
served in the novel system. The stress loaded along the X-axis 
(horizontal shear force) is assumed to be that loaded during ra-
dial and ulna deviation of the wrist, while the stress loaded 
along the Y-axis (vertical shear force) is assumed to be the force 
loaded during flexion and extension of the elbow and wrist. 
Compressive and tensile forces along the Z-axis are assumed to 
be the result of longitudinal movements characterized by 
changes in ulnar variance relative to the radial corner during 
forearm supination and pronation. 

The novel system has a long stem, sharing the characteristic 
of an intramedullary nail. Osseointegration through the whole 
length of the radius and ulna was supposed to evenly distribute 
stress transferred from the distal end of the implants. Ding et 
al. [22] reported that increasing the diameter and length of the 
implant decreased the stress and strain on the alveolar crest per 
biomechanical analysis of high-quality FE models of complete 
range mandibles. Baggi et al. [23] also reported the influence of 
implant diameter and length on the stress distribution of osse-
ointegrated implants related to crestal bone geometry. Stress 
values and concentration areas are decreased for cortical bone 
when the implant diameter is increased, whereas more effective 
stress distributions for cancellous bone were observed with in-
creasing implant length [23]. In the case of transradial amputa-
tion, the medullary diameter of the radius and ulna is not a 
modifiable factor, but the length of the implant is. The results 
of our study were consistent with those of previous studies in 
that the implant length affected the stress distribution and 
maximum equivalent stress. 

Despite our good results, two problems of the novel system 
were recognized during FE analysis. First, the maximum equiv-
alent stress of the radius and ulna in the horizontal shear force 
was higher in the novel system. Also, the stress distribution in 
section 3 of the ulna in the novel system was definitely less ef-
fective than that seen with the conventional system. Notably, 
the radius can experience physiologic bowing in the horizontal 
plane [24], and adaptation to this physiologic bowing by deep 
insertion of the long stem seems to be the cause of greater max-
imum equivalent stress. In the implant design, the diameter of 
shaft of the novel radial implant was 3.0 mm (supplement). To 
decrease the stress value in relation to horizontal force, a larger 
radial-implant diameter can be considered. Also, increased 
stress around the distal longitudinal grooves of both the radius 
and ulna implants was observed. There is a tendency to in-
crease the stress value in the angled location rather than the cy-

lindrical or smooth location in FE analysis. According to Xiao-
bin and Zelong [25], when the surfaces are angled, the stress 
concentration is large when forces are applied from multiple 
directions. Conversely, when the surfaces were rounded, it was 
found that the stress concentration was relatively low for the 
same external forces. For clinical application of the implants, a 
cylindrical design rather than an angular groove modality 
might reduce bone absorption in the insert area. 

Stenlund et al. [26] found that the elastic strains and princi-
pal compressive stresses in the bone in direct contact with the 
abutment at the most distal location may indicate unfavorable 
bone remodeling, resulting in a decrease in bone density with 
time. Meanwhile, Nebergall et al. [20] reported that the trans-
mission of loads to the contact point between the bone and im-
plant can cause cortical thinning or bone resorption. This re-
sults a high risk of loosening of that area, together with various 
complications in the distal portion, including implant loosen-
ing and periprosthetic fractures. Ultimately, the need for reop-
eration to replace the entire implant will increase [27]. 

Our study has some limitations. First, there was a lack of 
simulation of the anisotropic material properties of human 
bone. Although the FE model was designed by distinguishing 
the material properties of cortical and cancellous bone, this 
does not fully reflect the material properties of human bone. 
Moreover, the amputated site may present a combination of 
damaged bone, callus, hematoma, and fibrotic tissues. Addi-
tional analysis is likely required in future research, incorporat-
ing detailed simulation of a more realistic bone model and 
some clinical cases. Second, it should be realized that this load-
ing configuration does not represent a whole transradial ampu-
tation case. When applied in clinical practice, amputation levels 
and the loss of soft tissue including muscles vary between pa-
tients. Thus, these findings should be generalized with caution 
and unexpected disadvantages of the model can be found. Suf-
ficient research is needed, including cadaver research before 
clinical application. Despite these limitations, however, we in-
vestigated the biomechanical properties of the novel and con-
ventional implants for the transradial amputee and confirmed 
the chance of improvement of osseointegration in the forearm 
bone. 

In conclusion, 3D FE models showed that the design of a 
novel system provides a lower stress level and more even stress 
distribution for osseointegration in transradial amputation. 
This novel osseointegration system is expected to reduce com-
plications such as periprosthetic fracture and implant failure 
and to improve long-term implant survival. 
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