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The present study introduced a new motion
analysis method for total hip arthroplasty (THA). A
motion simulation module of THA was designed and
developed, which can simulate the THA’s implanta-
tion condition and motion and detect the theoretic
range of motion (ROM) before the prosthetic com-
ponent impingement happens. The impingement risk
of THA should be investigated through comparing the
analysis data of module with the realistic kinematics
obtained from hip motion measurement. Furthermore,
in order to demonstrate how to use this module, the
kinematic data of the hip were recorded by measuring
the lower limbs motion of general population in six
activities of daily living (ADLs), i.e., kneeling,
squatting, ascending stair, descending stair, walking,
and jogging. Analysis results showed that the possi-
bilities of impingement and dislocation were larger
during the squatting activity. It is reasonable to be-
lieve that the motion simulation module of THA in

! Corresponding authors

" Project supported by the National Natural Science Foundation of
China (No. 30810103908), the Science Foundation of Shanghai (No.
09441900300), and the National Basic Research Program (973) of
China (No. 2011CB711000)

* Electronic supplementary materials: The online version of this article
(doi:10.1631/jzus.B1200168) contains supplementary materials, which
are available to authorized users

© Zhejiang University and Springer-Verlag Berlin Heidelberg 2013

the present study is helpful for clinical medicine en-
gineering, and hip implant design and optimization.

Impingement has presented a high occurrence
rate since THA has been wildly applied in clinic, and
does great harm to patients (Yoshimine and Ginba-
yashi, 2002; Brown and Callaghan, 2008; Kessler et
al., 2008; Tanino et al., 2008; Patel et al., 2010). The
study on the subjects of the impingement and dislo-
cation of THA has attracted scientists and doctors’
attention. There are various factors that increase the
propensity of impingement or dislocation; except the
patients themselves, factors that we cannot choose,
the clinical factor and hip implant design are the main
factors. In the clinical factor, inappropriate selection
of the implant option has a great chance to lead to
cup/neck impingement or dislocation. As well, poor
alignment of implants for individual patient also leads
to serious consequences which depend on three im-
plantation parameters: femoral anteversion, acetabu-
lar anteversion, and acetabular inclination (Ji et al.,
2010). In implant design, impingement is also related
with four design parameters: neck design, head-neck
ratio, stem-neck angle, and cup opening plane design
(Ji et al., 2010). In fact, these major factors are in
direct linkage with human lower limb activity. If the
realistic hip motion requirement of some activities is
far more than the theoretic ROM provided by THA,
then cup/neck impingement or dislocation will be
bound to occur.

In the present study, we used a 3D parameterized
motion simulation module of THA to investigate
THA’s motion performance and impingement risk.
All the implantation and design parameters mathe-
matically influencing the theoretical ROM were in-
volved. The module can easily imitate the implant
environment of THA, simulate the motions of im-
plants, and detect the maximum ROM before the
cup/neck impingement happens. Furthermore, in
order to demonstrate how to use this module, the
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realistic hip kinematic data of general population in
six ADLs were obtained from human lower limb
activity measurement. By comparing the theoretic
results of the motion simulation module with meas-
ured kinematic data, we investigated the relationship
between the cup/neck impingement and ADLs, and
find the most risky activity that results in the pros-
thetic impingement or dislocation.

Due to the fact that just the motion of the hip is
discussed in the current study, only the kinematic
curves of the hip are listed, as illustrated in Fig. 1. The
realistic ROMs of the hip in six ADLs are shown in
Table 1. These kinematic data suggested that all six
activities were relevant with hip flexion. The activity
with the maximum flexion range was squatting; on
average, hip flexion reached 121.3°, but was greater
in some individuals. The hip flexion range during
kneeling was similar to that of ascending stair, which
was 69.1° and 67.6°, respectively. The hip flexion
was similar during jogging and walking, which was
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42.1° and 39.2°, respectively. Hip extension only
appeared in walking and jogging, and just —4.9° can
satisfy the requirements of hip extension. The maximum
adduction angle reached —7.3° during ascending stair.
Kneeling and squatting just required hip abduction;
the angles were large and reached 17.5° and 18.4°,
respectively. The hip internal rotation was greater
during descending stair, which reached —20.6°. The
hip external rotation angle was greater during kneel-
ing and squatting, which reached 20.6° and 17.6°,
respectively. As an example, we used this motion
simulation module to study whether commonly used
THA has enough ROM to complete six ADLs. These
THA design parameters and implant parameters were
applied to the module. The module then used the
integrated visualization and parameterized modeling
functions to construct THA models. In the visual
environment, the theoretical ROMs of these THA
were obtained through the automatic impingement
detecting function, as listed in Table 2.
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Fig. 1 Mean hip kinematic curves of healthy males in six ADLs
Data are expressed as mean+tstandard deviation (SD), n=15

Table 1 Maximum ROM of the hip in six ADLs

ADL Flexion (°)  Extension (°) Adduction (°) Abduction (°) Internal rotation (°) External rotation (°)
Kneeling 69.1£14.4 11.6+10.7 1.245.3 17.5£5.0 —1.4£12.0 20.6£11.1
Squatting 121.3+17.3 17.2+14.5 1.3£4.9 18.4+5.4 —8.0+8.9 17.6£12.5
Ascending stair 67.6£10.0 7.7£9.4 —7.3+£5.4 2.8+4.6 —12.5%11.6 —1.4+12.1
Descending stair ~ 39.3£9.0 12.8+9.4 —6.6+4.3 4.7+£5.5 —20.6+8.4 —10.4+7.6
Walking 39.248.1 —4.949.9 —7.3£6.5 6.4+6.5 —2.8+11.1 12.9£11.3
Jogging 42.147.5 —1.8£12.6 —6.3+6.4 7.0£6.2 —2.0£12.5 13.0+£10.7

Data are expressed as meantstandard deviation (SD), n=15.

The flexions of the hip and knee and the ankle dorsiflexion were positive; Hip,

knee, and ankle abduction were positive; Hip, knee, and ankle external rotation were positive
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The relationship between the cup/neck im-
pingement and ADLs can be obtained through com-
paring the realistic hip kinematic data of general
population with the theoretic ROM of THA. As is
well known, joint motion is complicated in daily
living because it requires a combination of flexion/
extension, adduction/abduction, and internal/external
rotation. Joint angle changes in three directions at the
same time, so the motion risk of THA should be
considered when three joint angles reach maximum
values at the same time. If the average hip motion
angle is larger than theoretical ROM of THA in either
plane, it means that THA has impingement risk.

The experimental results accord well with the
fact. The reliabilities of these kinematic data can be
verified by comparison with previously published
literature (Hemmerich et al., 2006; Queen et al., 2006;
Protopapadaki et al., 2007; Zhou et al., 2012). The
ROM of flexion/extension at the hip was much higher
than the ROMs of adduction/abduction and internal/
external rotation. Among six ADLS, the maximum
flexion angle was 121.3° during squatting, while the
maximum adduction/abduction and internal/external
rotation angle did not exceed +20.6° (Table 1). All
these ADLs did not ask for much on the hip extension,
the activity of maximum hip extension was walking,
which only reached —4.9°.
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According to the experimental results mentioned
above, it seems that all maximum ROMs in the ex-
perimental activities (Table 1) were within the theo-
retical maximum ROM of this THA (Table 2). How-
ever, all these theoretical ROMs were measured from
the normal standing position, and real impingement
risk should be considered under the most dangerous
position of ADL. The effect of hip extension for the
cup/neck impingement or dislocation can be ignored
because it is lower and only the impingement under
the flexion condition should be considered. A typical
THA (the values of general head-neck ratio (GR),
stem-neck (CCD) angle, and stem abduction (SA)
were fixed as 2.59, 135°, and 6°, respectively) is re-
ferred to in the following discussion. Through the
motion simulation module, the theorctical ROMs of
abduction/adduction and internal/external rotation of
THA under the largest flexion condition of six ADLs
were obtained, respectively, as shown in Table 3.
Meanwhile, the actual joint angles under the largest
flexion condition of six ADLs were listed.

The flexion ranges of walking and jogging were
similar. The ROMs of adduction/abduction and internal/
external rotation for these two activities were much
smaller than the ranges offered by THA (Tables 1-3).
Therefore, these two activities did not cause cup/
neck impingement or dislocation. During ascending/

Table 2 Theoretical ROMs of the commonly used THA

THA’s parameters Sagittal plane Frontal plane Transversal plane
GR, CCD, SA extension/flexion (°) adduction/abduction (°) internal/external rotation (°)
2.18, 135°, 6° —55.2/118.8 —49.8/67.2 —130.8/63.0
2.59, 135°, 6° —62.6/126.2 —54.8/72.2 —139.8/72.0
2.99, 135°, 6° —67.8/131.6 —58.2/75.6 —146.6/78.8

THA'’s precision: 0.2°. The angles of femoral anteversion, acetabular anteversion, and acetabular inclination were defined as 15°, 20°, and 45°.

There was only one motion in each plane (i.e., no combined motions)

Table 3 THA’s theoretical ROMs of abduction/adduction and internal/external rotation as well as the actual joint

angles under the largest flexion condition of six ADLs

Actual joint motion at maximum hip flexion (°)

Theoretic motion range of THA (°)

ADL Flexion Add/abduction Inter/external rotation Add/abduction Inter/external rotation
Kneeling 69.1 15.7 18.6 —51.0/89.0 —66.4/106.6
Squatting 121.3 16.4 16.1 —5.6/129.2 —10.2/69.2
Ascending stair 67.6 -5.6 -8.3 —50.8/87.2 —66.6/109.8
Descending stair 393 —4.2 -16.7 —54.0/70.6 —65.6/143.4
Walking 39.2 —4.5 7.3 —54.0/70.6 —65.6/143.4
Jogging 42.1 -2.8 6.8 —59.6/78.2 —98.2/111.0

THA’s precision: 0.2°. The values of GR, CCD and SA were fixed as 2.59, 135°, and 6°, respectively. The flexions of the hip and knee and the
ankle dorsiflexion were positive; Hip, knee, and ankle abduction were positive; Hip, knee, and ankle external rotation were positive
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descending stair and kneeling, the ROMs of flexion
were similar during kneeling and ascending stair, and
their values were greater than that of descending stair.
Likewise, the ROMs of adduction/abduction and
internal/external rotation in these three activities did
not exceed the theoretic ROM of THA (Tables 1-3).
Clearly, cup/neck impingement or dislocation will not
happen during ascending/descending stair and kneeling.

The squatting activity had the maximum flexion
angle in the six ADLs; the mean maximum flexion
angle was 121.3° (Table 1). In contrast, the theoretical
flexion angle of THA was only 126.2° (Table 2).
What is more serious is that the experimental result of
121.3° was only a statistical average, and some people
may exceed this value. Out of a total of 90 squatting
trials (6 trialsx15 participants), participants exceed
126.2° of flexion 24 times. The adduction/abduction
motion of squatting started from 1.3° to a maximum
angle 18.4°; the abduction was 16.4° at the time of
maximum hip flexion (Tables 1 and 3). The internal/
external motion varied from —8.0° to a maximum
angle of 17.6°; the external rotation reached 16.1° at
the time of maximum hip flexion (Tables 1 and 3). At
the same time, the THA’s theoretical abduction range
increased from 72.2° (standing position; Table 2) to
129.2° (maximum hip flexion position; Table 3), and
external rotation range decreased from 72.0° (stand-
ing position; Table 2) to 69.2° (maximum hip flexion
position; Table 3). Through comparing these motion
angles, we know that these two motions should be
secure. It is worth noting that the ranges of adduction
and internal rotation are remarkably reduced except
that the range of abduction increases significantly.
The adduction angle of THA can only reach —5.6° at
the time of maximum hip flexion and the theoretic
internal rotation angle was merely —10.2° (Table 3). It
is quite reasonable when this happened. Because the
prosthetic neck was rotated to the rim of the cup when
THA was at the maximum hip flexion, the neck was
very easy to press against the cup’s edge. So the pa-
tients underwent THA cannot randomly move their
thighs in a squatting posture because of the low ROM
limits of adduction and internal rotation. The above
analyses show that the squatting activity probably
induced the cup/meck impingement or dislocation,
and thus executing a squat is very dangerous for pa-
tients who underwent THA.

It should be pointed out that the above analysis
was based on a typical THA model. If a hip implant
with smaller GR was used, then the theoretic ROM of
THA will be significantly reduced and the impinge-
ment risk will be greater. Furthermore, the above
analyses based on theoretic ROM did not take into
account the effects of bony or soft tissue which, in
fact, necessarily caused prosthetic impingement or
dislocation to occur in advance. Therefore, in order to
effectively eliminate the possibility of impingement,
it is necessary to make the ROM of THA large
enough before cup/neck impingement occurs. From
the point of view of engineering, the most direct and
effective way is to select the hip prosthesis with big-
ger head-neck ratio for patients subject to the specific
individual circumstances or constraints. Furthermore,
a positive surgical method can be a favorable proce-
dure for avoiding adverse impact of bony or soft tis-
sue. Therefore, the most efficient approach is to
commit to see both sides grow together, so the post-
operative function of the hip can get the best recovery.

Although THA has made great progress in joint
disease, the THA still does not have high ROM. Some
activities would be dangerous for patients who un-
derwent hip joint replacement, such as squatting and
sitting cross-legged. New hip implants and instru-
mentations that can provide higher ROM would be
developed as soon as possible, and the patients’ abil-
ity to attain ADLs still needs recovery.

Currently, some reported mathematical formula
of THA and computerized models can complete these
six motions from the neutral position (Seki et al.,
1998; D'Lima et al., 2000; Widmer and Zurfluh, 2004;
Widmer and Majewski, 2005; Padgett et al., 2006; Ji
et al., 2010). It is remarkable that our module can not
only simulate some basic motions recommended by
some international organizations (AAOS, 1965; JOA,
1995), but it can also easily simulate any combined
motion from any initial position based on demands.
Besides, the motion simulation process in this module
can be presented in real time, which is vivid for cli-
nicians and users, and the visual function and the
parameterized modeling increase the possibility of
application in clinic (Ji et al., 2010). It should be
noted that there are two limitations for using this
simulation module: (1) users must have an ADAMS/
VIEW software license; (2) the neck cross-section
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should be round and the acetabular cup should be
axisymmetric. Fortunately most commonly used hip
prostheses fall into this category (Yoshimine, 2005; Ji
etal., 2010).

Prosthetic impingement of THA is one of the
common serious orthopaedic postoperative compli-
cations and it directly causes the dislocation of THA.
By taking our motion simulation module, the motion
performance of THA could be obtained and the im-
pingement and dislocation risks of THA could be
analyzed. A practical instance tells us that THA has
motion risk in the squatting activity. Thus, the study is
essential for designing next-generation hip implants
that can prevent poor ROM and perform all kinds of
daily activities. Study of joint implants is still ongoing
and people are looking forward to the development of

new products that will benefit more and more patients.

It is reasonable to believe that the motion simulation
module of THA in the present study is helpful for
clinical rehabilitation engineering and hip implant
design and optimization.

Materials and methods

In this study, a motion simulation module of
THA was used. It can simulate all rotation motions of
implants and quantify the maximum rotation angle (Ji
et al., 2010). The realistic hip kinematic data of gen-
eral population had been measured by using the op-
toelectronic 3D motion tracking system.

Detailed materials and methods are described in
the supplementary materials Data S1.
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Abstract: Objective: The purpose of this study was to measure the kinematics of the lower limbs of
Chinese people during normal kneeling activity, as such data could be valuable in designing joint
prosthesis and arthroplasty that meet the needs of Chinese citizens’ daily activities. Methods: Thirty
young and twenty elderly Chinese participants with no personal history of joint diseases were re-
cruited, and matched by age (average age: 23.8 years for the young group, 60.8 years for the elderly
group). Each participant performed six trials during which three-dimensional (3D) kinematics data
were collected and the means of the 3D angles of the ankle, knee, and hip joints of two groups were
calculated. Results: There were no obvious differences between the two groups in the knee and
ankle joints. The mean range of knee flexion was 139.6° for the young group and 140.9° for the
elderly group. The mean range of ankle flexion was 35.7° for the young group and 37.6° for the
elderly group. The maximal eccentric flexion at the hip joint was 67.5° for the young group compared
to 100.5° for the elderly group. Conclusions: The elderly uses more hip flexion angles than the young
when assuming the kneeling posture. The ranges of motion obtained during kneeling activity are
greater than the reported mean ranges of motion achieved following joint arthroplasty. The data
could be valuable in establishing criteria for lower limb prosthetics and rehabilitation protocol for the

Chinese population.




