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Abstract

Objective: To assess the biomechanical properties that influence wrist fracture, so as to provide

the theoretical basis for simulation experiments to aid the optimal design of wrist protectors.

Methods: Six cadaveric wrists were included as experimental specimens. Wrist specimens

wearing wrist protectors formed the experimental group and unprotected wrist specimens

formed the control group. The wrist specimens were axially loaded under physiological loads

and the stress magnitude and distribution of the experimental and control groups were obtained.

A three-dimensional wrist finite element model of a healthy volunteer was developed to verify

the rationality and effectiveness of the cadaveric wrist models.

Results: Under normal physiological loads, the stress on the radioulnar palmar unit was high and

manifested in the form of pressure, while the stress on the radioulnar dorsal unit was lower and

manifested in the form of tension. The stresses on the radial distal palmar, ulnar distal palmar,

radial distal dorsal, ulnar distal dorsal, radial proximal palmar and ulnar proximal palmar units in

the experimental group were less than those in the control group.

Conclusion: Under physiological loads, wearing a wrist protector can reduce the stress on the

radioulnar distal palmar, radioulnar proximal palmar and radioulnar distal dorsal units, while

having no obvious effect on the radioulnar proximal dorsal units.
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Introduction

The incidence of wrist fracture is
widespread, currently accounting for 6.7–
11.0% of total body fractures, which inevita-
bly results in high medical costs.1,2 The wrist
joint is mainly composed of a bony structure

and other small joints, forming a composite
joint between the forearm and palm.3,4

Moreover, the bony structure and small
joints have a clear division of labour in terms
of structure.5,6 As the most complicated joint
in the human body,7 the mechanical mecha-

nism of the wrist joint is complicated. Once
the wrist joint is injured, it is likely to cause
secondary damage to other wrist structures,8

affecting the function of relevant parts of the
upper limbs. Thus, a thorough and detailed
study of the wrist joint is clinically significant.

Currently, research on the prevention of
wrist fractures remains limited to drugs to
treat osteoporosis and osteoporotic frac-

tures predicted by quantitative computed
tomography.9–12 However, from the per-
spective of biomechanics and finite element
analysis (FEA), it is of great practical sig-
nificance to explore the prevention and
treatment of wrist fractures. Based on this,
the current study combined mechanical

experiments on cadaveric wrists and finite
element wrist simulation analysis to provide
the theoretical basis for simulation experi-
ments of wrist fracture in order to aid the
optimal design of wrist protectors.

Materials and methods

Models and materials

Six wrist samples were collected from
cadavers with an age at mortality of 20–50

years at the Department of Human

Anatomy Medicine, Soochow University,

Soochow, Jiangsu Province, China. The

wrist samples underwent X-ray examina-

tion and bone mineral density (BMD)

measurements in order to exclude skeletal

defects, dislocations, lesions and tumours

prior to storage at –20 �C. An open cuboi-

dal container made of stainless steel

(80mm� 80mm� 100mm) was designed

to hold the wrist samples. Bone cements

with low viscosity (PALACOS
VR

bone

cements; Heraeus Medical, Wehrheim,

Germany) were used to fix the wrist samples

vertically in the cuboidal container so that

the wrist samples were firmly fixed without

any movement (Figure 1).13 Furthermore,

the wrist samples were attached to a stress

sensing system device (Huangyan

Corporation, Taizhou, China), a microelec-

tronic universal testing machine (Shijin

Corporation, Jinan, China) and four static

strain test units (Shijin Corporation), which

were connected by wires. Four static strain

test units were respectively marked as A, B,

C and D units, of which unit A represented

the stress of the radioulnar distal palmar

unit; unit B represented the stress of the

radioulnar distal dorsal unit; unit C repre-

sented the stress of the radioulnar proximal

palmar unit; and unit D represented the

stress of the radioulnar proximal dorsal unit.
Computed tomography (CT) data were

obtained from a 30-year-old healthy

Chinese male volunteer, whose age and

forearm size strictly matched the require-

ments of the above cadaveric specimens.

In order to ensure the normal anatomy of

the wrist, an X-ray of the wrist was per-

formed to exclude fractures, lesions and
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other conditions. The experimental devices

that were used in this current study included

a dual-source CT scanner (Siemens, Berlin,

Germany), a computer (Dell, Round Rock,

TX, USA), Mimics 19.0 software

(Materialise, Leuven, Belgium), Geomagic

Studio 12.0 software (Raindrop Geomagic,

Research Triangle, NC, USA) and Abaqus

6.51 software (Dassault Simulia, Providence,

RI, USA).
Ethical approval was obtained from the

Institutional Review Board of Changzhou

Fourth People’s Hospital (no. 20171015)

and written informed consent was obtained

from the volunteer.

Biomechanical testing methods

The biomechanical experiment in this study

was an impact test using static loading

within the yield strength and the mechanical

property was within the normal physiolog-

ical range. Wrist specimens wearing wrist

protectors formed the experimental group

and unprotected wrist specimens formed

the control group. In the experimental

group, the wrist protectors were made of

20-mm thick, soft sponge materials and

2-mm thick polypropylene hard materials.

Then, the mode of mechanical axial com-

pression was selected, the strain sensing

system on the wrist models was installed

and the static resistance strain gauges were

further connected, so as to prepare for

the next phase of the experiment. With the

palm facing upward, the wrist models were

fixed at 90� perpendicular to the floor and

the pressure hammer was aimed at the

centre of the navicular and lunar bone.

The initial loading speed was set at

2mm/min and the loading range was 0–

600 N (Figure 1). The strain values of all

target units were recorded for every 20 N

load and each specimen was tested three

times under the same conditions.

Construction of a 3D finite element model

The volunteer underwent transverse CT

scanning that ranged from the proximal

Figure 1. (a) The axial-loading experiment on cadaveric wrist specimens. (b) The establishment of four
static strain test units.
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forearm to the fingertip. During the process

of scanning, the wrist was fixed with

the direction of axial-loading and the pos-

ture maintained. It was determined that the

established wrist model was set to 75� of

dorsiflexion and 10� of pronation. The CT

scan data were saved in Digital Imaging

and Communications in Medicine format

and input into Mimics 19.0 software

(Materialise) to initially establish the

three-dimensional (3D) geometric model

of the wrist. The contours of the forearm

cortex, loose tissue and surrounding soft

tissue were extracted using thresholding

and manual drawing tools. The stereoli-

thography format data were obtained and

input into the Geomagic Studio 12.0 soft-

ware (Raindrop Geomagic). Deep level hole

filling and smoothing for each part of the

model was undertaken to prevent the occur-

rence of poor grids. Finally, the data that

generated a solid 3D model were imported

into Abaqus 6.51 software (Dassault

Simulia) for statistical analysis.

Statistical analyses

All statistical analyses were performed

using IBM SPSS Statistics for Windows,

Version 22.0 (IBM Corp., Armonk, NY,

USA). Between-group comparisons were

undertaken using paired Student’s t-test.

A P-value< 0.05 was considered statistical-

ly significant.

Results

In the axial-loading simulated experiment

for the control group, the stress magnitude
and properties of the wrist model were dif-

ferent with the stress peaks of the palmar

units being higher than those of the

dorsal units (Table 1). The stresses of the

palmar units were mainly manifested in

the form of pressure. The initial stage of

the dorsal units was manifested in the

form of pressure, but the whole process
was manifested in the form of tension.

The equivalent stresses of the radial distal

and proximal palmar units under 600 N

load were 36.6MPa and 58.5MPa, respec-

tively. Under the same loading conditions,

the equivalent stresses of the ulnar distal

and proximal palmar units were close to
those on the radial distal and proximal

palmar units, which were 37.9MPa and

37.4MPa, respectively. In all groups of

units, the stresses of the dorsal units were

all less than those of the palmar units.

Moreover, the stresses of the ulnar distal

and proximal dorsal units and the radioul-

nar proximal dorsal units were manifested

Table 1. Comparison of the peak stress and declines between the experimental and control groups.

Peak stress

of the control

group, MPa

Peak stress of

the experimental

group, MPa

Mean percentage

decline in

peak stress

Radial distal palmar unit 36.6 20.2 44.8%*

Ulnar distal palmar unit 37.9 24.3 35.9%*

Radial distal dorsal unit 9.4 5.7 39.4%*

Ulnar distal dorsal unit 13.4 4.8 64.2%*

Radial proximal palmar unit 58.5 30.1 48.5%*

Ulnar proximal palmar unit 37.4 24.9 33.4%*

Radial proximal dorsal unit 10.5 10.3 1.9%

Ulnar proximal dorsal unit 15.3 13.8 9.8%

Data presented as mean.

*Significant between-group difference (P< 0.05); paired Student’s t-test.
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in the form of pressure at the initial stage of

the experiment, while manifested in the

form of tension at the middle and late

stages. The maximum stresses of the radio-

ulnar distal dorsal units were 9.4MPa and

13.4MPa, while the maximum stresses of

the radioulnar proximal dorsal units were

10.5MPa and 15.3MPa, respectively.
In the axial-loading simulated experi-

ment for the experimental group, the

stress magnitude and properties of the

wrist model were different with the stress

peaks of the palmar units being higher

than those of the dorsal units (Table 1);

and each unit was mainly manifested in

the form of pressure. The initial stage of

the radial proximal dorsal unit was mani-

fested in the form of pressure, while mani-

fested in the form of tension at the middle

and late stages. In addition, tension was the

main manifestation of the radioulnar distal,

dorsal units and ulnar proximal dorsal unit.

Under the same loading conditions of

600N, the stresses of the radioulnar proxi-

mal palmar units were all higher than those

of the radioulnar distal palmar units. The

equivalent stresses of the radioulnar proxi-

mal palmar units under 600 N load were

30.1MPa and 24.9MPa, while the equiva-

lent stresses of the radioulnar distal palmar

units were 20.2MPa and 24.3MPa,

respectively. In all groups of units, the

stresses of the dorsal units were all less

than those of the palmar units. The maxi-

mum stresses on the radioulnar distal dorsal

units were 5.7MPa and 4.8MPa, while the

maximum stresses on the radioulnar proxi-

mal dorsal units were 10.3MPa and

13.8MPa, respectively (Figure 2).
A comparison of the stress peaks and

percentage declines between the two

groups are presented in Table 1. In all

eight units, except for the radioulnar prox-

imal dorsal units, there were significant

stress differences between the control and

experimental groups at the late stage of

the experiment (P< 0.05 for all compari-

sons). Overall, the stresses of the remaining

six units in the experimental group were

decreased by 44% compared with control

group (Figure 3).
Based on the extension, flexion, retraction

and rotation of a normal human wrist, the

3D finite element model (FEM) of the wrist

was composed of 136 897 units of bone,

9166 units of cartilage and 228 893 units of

soft tissue, totalling 374 956 units (Table 2).
The stress distribution in the models of

the control and experimental groups at the

late stage of the experiments are shown in

Figure 4. The results of the 3D FEM anal-

ysis confirmed the conclusions of

Figure 2. Comparison of the load and stress of each unit in the experimental and control groups. Data
presented as mean. The colour version of this figure is available at: http://imr.sagepub.com.
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the biomechanical experiments described

above. With the exception of the radioulnar

proximal and dorsal units, there were no

significant stress colour differences between

the control and experimental groups at the

end of the experiments. However, the stress

colour of the remaining six units in the

experimental group were lighter than

those in the control group, indicating that

the stresses of the experimental group were

less than those of the control group.

Discussion

As the aging population continues to rise,

there has been a concomitant increase in the

number of elderly patients with wrist frac-

tures.14–16 This is particularly relevant to

middle-aged and elderly women because of

the negative impact that the menopause and

oestrogen loss has on their bone health; and

along with age-related declines in physical

function and their ability to deal with emer-

gencies, they are at a high risk of wrist frac-

tures.13,17–19 In addition, wrist fractures are

also common in young and middle-aged

people as a result of injuries caused by

their daily exercise and work.20,21 This

study aimed to improve the prevention of

wrist fractures in people of different ages

by updating the poorly functioning wrist

protectors that are currently available.

Figure 3. Comparison of the load and stress curves for each unit between the experimental and control
groups. Data presented as mean. The colour version of this figure is available at: http://imr.sagepub.com.

Table 2. The number of nodes, unit types and unit numbers of the finite element model of a normal human
wrist joint.

Bone

Cancellous

bone

Soft

tissue

Rigid

ground

Soft

brace

Rigid

brace

Unit number 136 897 9166 228 893 2500 12 048 3984

Nodes 228 808 20499 356 621 2603 4196 2090

Unit type C3D10M C3D10M C3D10M S4R C3D10M S3R
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This current study combined mechanical
experiments using cadaveric wrists with
FEA wrist simulation analysis to evaluate
the ability of wrist protectors to protect

against external forces from multiple angles.
During the current axial-loading experi-

ments, it was found that despite the com-
plex anatomical structure of the wrist joint,

the external forces were mainly transmitted
from the navicular and lunar bone down to
the radioulnar joints; and then continued to
the proximal end of the forearm. During
this process, the radioulnar joint was
considered to a composite joint and the
compressive deformation occurred on the
radioulnar palmar units, presenting as a

compressive stress. The tensile deformation
occurred on the radioulnar dorsal units,
presenting as a tensile stress. In addition,
under normal circumstances, during the
deformation of the radioulnar joint under
external forces, the palmar and dorsal units
with the same axis distance had the same
bending moments.22 However, in this

current experiment, the axial centre was
biased to the dorsal units under the
impact; and all units had larger palmar
bending moments and smaller dorsal bend-

ing moments, which explains why the abso-
lute stress peak values of the palmar units
were greater than those of the dorsal units.

Based on the comparison of the two

groups in the current study, it was found
that wearing a wrist protector can effective-
ly reduce the stress on the radioulnar distal
palmar, radioulnar proximal palmar and
radioulnar distal dorsal units, while having
no obvious influence on the radioulnar
proximal dorsal units. In the experimental
group, the stresses of the radioulnar distal

palmar and dorsal units were reduced by
44% compared with the control group,
which was related to the absorption and
shunting of the impact load on the wrist
protector. Hence, when designing and
improving wrist protectors, it would be rea-
sonable to place the stress centre on the
radioulnar distal palmar and dorsal units.

Figure 4. Stress distribution patterns in the 3-dimensional finite element models of the control and
experimental groups at the late stage of the experiments: (a) the stress colour pattern of the control group
that did not have the buffer of a wrist protector was deeper than the experimental group in the radioulnar
distal palmar, radioulnar proximal palmar and radioulnar distal dorsal units; (b) the overall stress colour
pattern of the experimental group that had a wrist protector was lighter than the control group. The colour
version of this figure is available at: http://imr.sagepub.com.
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Similar to the findings of this current study,
a previous study designed a hip protector
and screened three volunteers that per-
formed simulated human side fall tests.23

The results indicated that mean peak
impact force could reach 1738.88�
215.66N in the group without a hip pad,
while the mean peak impact force in the
group with a hip pad increased to
1907.44� 441.42N.23 This result demon-
strated that wearing a hip protector could
increase the peak impact force on the hip,
which might be able to prevent the occur-
rence of a hip fracture.

This current study had several limita-
tions. First, the cadaveric specimens
lacked the natural soft tissue tension and
stress protective mechanisms of a living
normal human body, so they were unable
to accurately reflect the true stress and
strain of the normal human wrist.24–26

Secondly, the experimental sample size
was only six, which was relatively small.
Thirdly, the force mechanisms involved in
causing a wrist fracture as a result of an
external force impact are complex.
However, this study was limited to vertical
axial-loading of the wrist joint, which sim-
plified the actual forces on the human
body. Finally, the FEA method has certain
limitations. The FEM simulation can only
approximate to the real situation. The
authenticity and validity of these prelimi-
nary results need to be verified with addi-
tional experiments.27

In conclusion, this current study demon-
strated that the stresses on the radioulnar
palmar units were high and manifested in
the form of pressure; while the stresses on
the radioulnar dorsal units were relatively
lower and manifested in the form of ten-
sion. Under the physiological load, wearing
a wrist protector reduced the stress on the
radioulnar distal palmar, radioulnar proxi-
mal palmar and radioulnar distal dorsal
units, while it had no obvious influence
on the radioulnar proximal dorsal units.

When designing and improving wrist pro-
tectors, it would be reasonable to place the
stress centre on the radioulnar distal palmar
and dorsal units.
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