T
Rotation
*table

B 3. Experimental set-up.

/1. Average error, standard deviation and [RSME] of esti-

mating translation parameters of relative pose.

x (mm) y (mm) z (mm)

Femur/tibia 20.31%0.50[0.57)  -0.28+0.61[0.64]  -0.310.19[0.36]

Femoral component/
-0. L13[0. -0, .38[0. 0. L.06[0.
it oot 0.3840.13[0.40) 864:0.38[0.93] 35+0,06[0.36]

Femoral v
fmm‘* REIC -0.77£0.17[0.73]  035£0.13(0.31]  0.56£0.20[0.55]

Tibial component/

tibia -0.27+0.18(0.32] «0.06+0.18[0.19] 0.2420.20(0.30]

#2. Average error, standard deviation and [RSME] of esti-

mating rotation parameters of relative pose.

x(%) y () z(%)

Femur/tibia 0.17£0.56[0.56) -0.12+0.23[0.25] -0.53%1.1[1.1]

Femoral component/

. 42{0, 0.11£0.22(0.24]  -0.4120.60[0.7
ool iiiomit 0.44£0.42[0.59]  -0.11£0.22(0.24) 410.60[0.70)

Femoral component/

% .0.76+033[0.80]  0.62£0.20[0.63]  -0.7320.58[0.91]
emur

Tibial component/
tibia

-0.47£0.40[0.60] 0.39+0.66[0.74] 0.460,14[0.48]
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Accuracy evaluation of a technique for superimposing a 3D bone-model on its
arthroscopic image.

Toshiyuki SASAKI, Toyohiko HAYASHI, PhD.,, Yasuo NAKAMURA, PhD., Go OMORI, MD,,
Satoshi WATANABE, MD., Takashi SATO, MD., Yoshio KOGA, MD.

Abstract

Computer-assisted orthopaedic surgery (CAOS) is one of the advanced medical engineering
technologies developed in order to obtain better surgical outcomes nearly independent from op-
erator skill. Its application to arthroscopic surgery, however, has not become widely used, due to
technical difficulties. To achieve this, we have been developing a technique of superimposing 3D
bone-model reconstructed from preoperative tomographic images upon its arthroscopic image on
a real-time basis. Such superimposition allows the visualization of the surgical plan using intra-
operative arthroscopic images, if it is incorporated into the bone model before operation. The
present study evaluated the overall accuracy of the superimpostion system. In an attempt to
validate the overall accuracy of the system, we evaluated the positional error of three target
points set in the attachment site of anteriqr cruciate ligament (ACL) of both femoral and tibial
bone models. These points were digitized manually using a probe mounted on an arthroscope, ac-
cording to the arthroscopic image provided with a target location. Empirical results demonstrat-
ed that the error of every target was less than or equal to 1.04 [mm] on average, suggesting
the clinical applicability of the system.

Key words : CAOS, arthroscopic surgery, 3D bone-model, superimposing technique.
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B 1. System configuration
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Abstract

Introduction Patients undergoing total hip arthroplasty
(THA) exhibit changes in the alignment of lower extremi-
ties following the procedure, and these changes may exert
effects on other joints over the long-term. Therefore, we
investigated the course of knee osteoarthritis in patients
undergoing long-term follow up after THA, in addition to
the relationship between the course of knee osteoarthritis
and alignment of lower extremities.

Materials and methods We retrospectively performed
radiographic evaluation of the course of knee osteoarthritis
(OA) after THA. Thirty patients undergoing successful uni-
lateral THA were followed for a minimum of 10 years.
Results Eleven (33%) subjects showed progression of
medial tibiofemoral OA on the mon-THA side, while only
three (10%) showed progression on the THA side, and this
difference was significant (P=0.033). In addition, the
mechanical axes on the THA side passed through more lat-
eral regions of the tibial plateau than those on the non-THA
side (P = 0.044),
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Conclusion Medial tibiofemoral OA on the THA side was
less likely to deteriorate than on the non-THA side. The
reduced vulnerability to OA progression on the THA side
may be due to the lower offset and resultant lateral shift in
mechanical axes.

Keywords Osteoarthritis - Knee - Arthroplasties -
Hip Replacement - Follow-up studies - Biomechanics -
Bone malalignment

Introduction

Total hip arthroplasty (THA) provides patients suffering
from hip osteoarthritis (OA) complete pain relief and
improved hip function. However, patients with hip OA
have disturbed kinetics in adjacent joints and in the pelvis
due to the impaired hip [14, 22], In particular, progression
of knee OA is associated with progression of hip OA [8].
Furthermore, knee OA is one of the most prevalent joint
disorders in the elderly [6]. Therefore, it is of concem
whether knee OA progresses after THA in patients with hip
OA. .

Shakoor et al. demonstrated using gait analysis that the
medial compartment load of the knee was significantly
higher in the contralateral knee relative to the treated side at
1-2 years after successful unilateral THA [18]. They also
reported that among patients whose initial THA was fol-
lowed by total knee arthroplasty (TKA), 71% underwent
TKA on the contralateral side [17]. However, the progress
of knee OA in patients undergoing THA has not been
examined during long-term follow up.

Pre-existing knee OA, high loading of the knee and
shifts in mechanical axes of the lower leg that alter load dis-
tribution are major risk factors for the progression of knee
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OA, in addition to obesity and female gender [4, 5, 7, 19,
21]. Among these factors, THA can induce a shift in
mechanical axes by spatially altering the head center posi-
tion. Total hip prostheses have relatively high neck-shaft
angles, and therefore have a tendency to reduce the femoral
offset [2), possibly leading to lateral shifts in mechanical
axes. The course of knee OA ipsilateral to THA may thus
differ from the natural course during long-term follow up.
Optimizing selection of femoral anteversion and offset are
essential in providing the hip with excellent function by
improving abductor muscle strength, preventing dislocation
and adjusting leg length [12]. However, surgeons do not
commonly consider the effects on the mechanical axes of
the lower extremities,

‘We performed radiographic evaluation of bilateral knees
in patients undergoing unilateral THA and who were subse-
quently observed for a minimum of 10 years, in order to
investigate the effects of THA on alignment of the lower
extremities and to clarify the long-term progression of knee
OA after THA.

Materials and methods

Between 1986 and 1995, 411 primary THAs in 345 patients
were performed at one of our institutes, Of these, 279
patients were treated with unilateral THA, and 48 of these
had pre-operative radiographs of the lower extremities for
the purposes of future assessment of longitudinal evalua-
tion of alignment after THA.

In order to eliminate confounding factors, patients
whose records indicated a diagnosis of systemic inflamma-
tory disease, and those who underwent any surgical inter-
vention in the lower extremities after THA were excluded
from analysis [15]. Therefore, patients who underwent sub-
sequent THA for advanced-stage disease in the contralat-
eral hip were excluded. Patients who had sustained knee
injuries or who had undergone knee surgery prior to THA
were also excluded.

The resulting patient group consisted of 30 patients who
were followed for a minimum of 10 years (Table 1). All
patients were women. Mean age at the time of the surgery
was 56.2 (range 48-73) years, with mean pre-operative
body mass being 55.0 (SD 7.2) kg and mean pre-operative
height being 1.53 (SD 0.05) m. All patients had a minimum
follow-up period of 10 years and a maximum follow-up
period of 19 (mean 13.7) years. Primary diagnosis included
developmental dysplasia of the hip (DDH) in 27 patients,
avascular necrosis of the femoral head in 2 patients and pig-
mented villonodular synovitis of the hip in 1 patient. In
eight of the DDH patients, bilateral hips were involved in
advanced arthritis. Of these, three patients had undergone
Chiari osteotomy in the contralateral hip. Including those

&) Springer

that underwent Chiari osteotomy, the eight patients with
bilateral involvement did not complain of severe pain in the
contralateral hips. In the other 19 patients with DDH, the
contralateral hips were intact.

The operative approach was posterolateral in all hips.
Various types of implant were used: 18 patients had
cementless metal-cancellous implants (S + G; Liibeck, Ger-
many) and 12 had cemented implants (Japan Medical Mate-
rial; Osaka, Japan, and Osteonics; Allendale, NJ, USA).

One patient died 15 years after surgery due to complica-
tions unrelated to the surgery or diseases of the lower
extremities. Data for this patient at final follow up (14 years
post-surgery) is included in this study.

The Japanese Orthopaedic Association (JOA) hip score
was used for clinical evaluation of arthroplasty at follow
up. This hip score is based on a 100-point scale; 40 points
for pain, 20 points for range of motion, 20 points for walk-
ing ability, and 20 points for activities of daily living [11].

All patients had AP and lateral radiographs of the hip
immediately after surgery and at final follow up for assess-
ment of implant loosening. Femoral components were con-
sidered unstable if subsidence of >3 mm was noted or if
component alignment had changed. Acetabular components
were considered unstable if a circumferential radiolucent
line of >2 mm width was noted or if changes were seen in
inclination or anteversion [10]. Patients also had weight-
bearing full-length AP radiographs of lower extremities
during knee extension both, pre-operatively and at final fol-
low up. We evaluated both the grade of knee (tibiofemoral)
OA and the alignment of lower extremities on a single
radiograph.

For grading of knee OA, we used a modified Kellgren—
Lawrence (KL) scale because the original KL scale tends to
emphasize osteophyte formation, while joint space narrow-
ing may be more relevant for the purposes of this investiga-
tion (0, normal; 1, questionable osteophytes and or
questionable joint space narrowing; 2, definite osteophytes
with possible joint space narrowing or definite mild joint
space narrowing with or without osteophytes; 3, definite
moderate joint space narrowing; 4, severe joint space nar-
rowing) (1, 6]. OA grades for both medial and lateral com-
partments of the knee were assessed using this grading
system. Modified KL scores >2 at follow up, and increases
of 1 grade or more during follow up were defined as indi-
cating OA progression.

We defined an alignment parameter in order to assess the
extent of mechanical axis shifting. A line connecting the
center of the femoral head and the midpoint of the ankle
(mechanical axis) was drawn. Another line connecting both
the most medial and lateral points of the tibial plateau was
then drawn. The distance between the most medial point of
the tibial plateau and the point where the two lines cross
was obtained. The ratio (%) of this distance against the
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Table 1 Patient data (n = 30), including status of contralateral hip and previous surgery to contralateral hip

Case Age Gender Disease  Side of total hip Followup  JOA score Status of contralateral hip Previous surgery
arthroplasty (year) at follow up to contralateral hip

1 51 F DDH Right 19 80 Advanced OA due to DDH

2 55 F DDH Left 18 79 Advanced OA dueto DDH  Chiari osteotomy
3 65 F DDH Right 18 %2 Normal

4 73 F DDH Left 16 80 Advanced OA due to DDH

5 49 F DDH Right 16 98 Normal

6 50 F DDH Left 16 88 Normal

7 57 F DDH Left 16 96 Normal

8 56 F DDH Left 16 100 Normal

9 63 F DDH Right 15 90 Normal Chiari ostzotomy
10 49 F DDH Left 15 92 Normal Chiari osteotomy
11 41 F DDH Right 15 97 Normal Chiari osteotomy
12 53 F DDH Right 15 97 Normal

13 60 F DDH Right 15 98 Normal

14 60 F DDH Left 14 86 Advanced OA due w DDH

15 53 F DDH Left 14 76 Advanced OA due 1o DDH

16 61 F DDH Right 14 92 Normal

17 67 F ON Right 13 73 Normal

18 40 F DDH Left 13 83 Advanced OA dueto DDH  Chiari osteotomy
19 55 F DDH Left 13 83 Advanced OA due to DDH

20 65 F DDH Right 12 B8 Normal

21 62 F DDH Right 12 96 Normal

2 61 F DDH Left 12 84 Normal

23 48 F DDH Left 11 92 Normal

24 48 F DDH Left 11 87 Normal

25 58 F DDH Right 11 79 Normal

26 53 F PVS Left 10 94 Normal

27 54 F DDH Left 10 98 Normal

28 52 F DDH Left 10 77 Advanced OA due 1o DDH Chiari osteolomy
29 67 F ON Left 10 98 Normal

30 59 F DDH Right 10 98 Normal

F female, DDH developmental dysplasia of the hip, ON osteonecrosis of the hip, PVS pigmented villonodullar synovitis

entire width of the tibial plateau was measured, and was
defined as the alignment ratio (AR). High ARs indicate that
the mechanical axis passed through a more lateral point of
the knee joint (Fig. 1).

In addition, as a factor that may affect alignment, femo-
ral offset at follow up was measured. Offset was defined as
the perpendicular distance between the long axis of the
femur and the center of the femoral head. We calculated the
ratio (%) of femoral offset on the THA side against the non-
THA side in order to avoid errors caused by variances in
radiograph magnification among subjects. We defined this
as the offset ratio (OR) (Fig. 2). Because it is difficult to
identify the center of the femoral head in cases of patho-
logic hip, the center of the femoral head was considered to
be the center of the hip joint, according to the method of
Kandemir etal. [9] for measurement of AR and OR in
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patients with DDH. This method of measurement was
applied to eight hips (contralateral to THA), in which the
femoral heads do not appear spherical. Each parameter was
measured for both the THA and non-THA sides, and later-
ality was assessed.

Statistical methods

Statistical analysis was performed using Stat View 4.58
software. A non-paired I test was used to compare ARs and
ORs between the two groups (THA and non-THA sides).
Similarly, Mann Whitney's test was used to compare modi-
fied KL scales, and x*-test was used to compare progression
of knee OA and the THA side. Correlations between the
two parameters (modified KL scales and ARs, and modified
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Mechanical
axis

] —

Fig. 1 Alignment ratio (AR) was defined as AC/AB (%). a Most me-
dial point of the tibial plateau, b most lateral point of the tibial plateau,
¢ intersection where mechanical axis and line AB cross

Fig. 2 Offset ratio was defined as D2/D1 (%)

KL scales and ORs) were analyzed by Spearman’s rank
correlation test. In all tests, P values of <0.05 were consid-
ered significant.

@ Springer

Results

Total hip arthroplasty was performed on the right side in 13
patients and on the left side in 17 patients. The difference in
number of hips between each side was not significant
(P = 0.44). All THAs were radiographically stable at follow
up. Mean JOA hip score at follow up was 89 (SD 8), and
mean pain score was 39 (SD 2), thus suggesting that hip
pain was almost completely relieved by successful THA.
Contralateral hips, including those with advanced-stage
arthritis at baseline, remained asymptomatic at follow up.

Modified KL scale results are summarized in Table 2.
There were no significant differences with respect to distri-
bution of modified KL scales between the THA and the
non-THA sides at baseline in both the medial and lateral
compartments (medial, P = 0.14; lateral, P > 0.99). All sub-
jects had normal knees or low-grade knee OA (modified
KL scale 0, 1 and 2) in medial compartments on both the
THA and non-THA sides at baseline. Baseline ARs on the
THA and non-THA sides were 43.6 (SD 17.0) and 40.3
(SD 17.9), respectively, and did not significantly differ
(P =0.48).

At follow up, distribution of modified KL scales in the
medial compartment revealed significantly more severe
knee OA on the non-THA side than on the THA side
(P =0.044), while severity in the lateral compartment did
not significantly differ (P = 0.12) between each side. With
regard to medial tibiofemoral OA, 11 patients (33%)
showed progression on the non-THA side, while 3 (10%)
showed progression on the THA side. This difference was
significant (P =0.033). One subject even showed an
improved modified KL score in the medial compartment on
the THA side. OA progression in the lateral compartment

Table 2 Modified Kellgren~Lawrence scales

Modified Preoperative Follow up
Kellgren-Lawrence  (No. (%)) (No. (%))
soule Non-THA THA Non-THA  THA
side side side side

The medial compartment of the knee

0 13 (43) 7(23) 4(13) 7(23)

1 14 (47) 19(63) 14(47) 18 (60)
2 3(10) 4(13) 7(23) 4(13)
3 0@ 0(0) 5(17) 1(3)

4 0(0) 0 0( 0(0)
The lateral compartment of the knee

0 27 (90) 25(42) 27(90) 22(73)
1 0(0) 4(13) 0(0) 5001
2 2(7N) 0(0) 3(10) 1(3)

3 13) 1(3) 0(0) 2(N

4 0(0) 0(0) 0(0) 0@
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was seen only on the THA side in two patients at follow up,
but this laterality was insignificant (P = 0.47).

Mean AR on the THA side at follow up was 48.7 (SD
19.9) and was significantly higher than on the non-THA
side (38.8 (SD 17.0)) (P=0.026), indicating that the
mechanical axes passed through a more medial point of the
knee on the non-THA side relative to the THA side. Mean
OR at follow up was 89.3 (SD 24.5), and thus the offset on
the THA side was significantly shorter than that on the non-
THA side (P <0.001).

Correlation analysis among modified KL scale, AR and
OR at follow up revealed that severity of lateral tibiofemoral
OA (modified KL scale) correlated significantly with AR on
the THA side (P =0.0059, r=0.60). No other significant
correlations were observed among these parameters.

Discussion

The present article may be the first to describe the long-
term radiographic changes emerging in the knee after THA.
In addition, as pre-existing knee OA status was similar on
each side, we were able to preferentially assess the effects
of THA on the course of knee OA, which is the strength of
this study.

Medial tibiofemoral OA on the non-THA side was more
likely to deteriorate than that on the THA side in patients
undergoing unilateral THA. Although we were unable to
find any previous reports regarding long-term follow up of
knee OA focusing on changes in each compartment of the
tibiofemoral joint, there are some reports describing the
natural course of OA of the whole knee joint. Spector et al.
described the natural course of knee OA using the KL scale
and found that 33% of patients deteriorated over an average
of 11 years [20]. Sahlstrom et al. [16] showed that among
132 normal knees or those with less than 50% joint space
narrowing, 57 knees (42%) showed progression of OA for
20 years. The frequency of OA progression on the non-
THA side in the present study agreed with these results,
while progression on the THA side was obviously less fre-
quent. The present results, along with previous epidemiol-
ogic reports, support the notion that the knee on the THA
side is less vulnerable to OA progression when compared
with the natural course.

The lower frequency of medial knee OA progression on
the THA side might be attributed to altered offset. It is gen-
erally recognized that high load, shifts in mechanical axes
and status of OA at baseline are major risk factors for knee
OA progression [5, 13, 19, 21]. In the present study, the sta-
tus of pre-existing knee OA was similar on each side. In
addition, there was a significant correlation between severity
of lateral tibiofemoral OA and mechanical axes on the THA
side. Furthermore, one subject even showed an improved
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modified KL score in the medial compartment on this side.
These findings support the notion that reduced offset and
resultant lateral shifts in mechanical axes on the THA side,
might be associated with less vulnerability to medial knee
OA progression. This conclusion was not inconsistent with
previous reports by Shakoor et al. [17, 18], which showed
that the medial compartment load of the knee was signifi-
cantly higher in the contralateral knee relative to the treated
side after unilateral THA, and that patients undergoing uni-
lateral THA were more likely to have TKA on the contralat-
eral rather than on the ipsilateral side.

We should interpret the present results with caution.
First, subjects with advanced knee OA (modified KL scale
>2) were not included at baseline. Previous epidemiologic
studies regarding the natural course of knee OA showed
that advanced knee OA is more likely to deteriorate than
mild knee OA [3, 16]. Therefore, in patients undergoing
THA with advanced knee OA at baseline, the course of
knee OA may be worse when compared with the present
results. Second, the majority of our patients were DDH
cases. Because the baseline status of the knees was similar
on both the THA and the non-THA sides, we believe that
we were able clarify the effects of alignment shift in
patients undergoing THA, regardless of disease. However,
further investigation is needed to confirm whether the
results of the present study are applicable to other patient
groups.

In conclusion, we investigated the long-term course of
knee OA after THA. The course of medial knee OA pro-
gression in patients with unilateral THA differed between
the contralateral and ipsilateral sides. Medial knee OA on
the THA side was less likely to deteriorate than on the non-
THA side. This may be related to lateral shifts in mechani-
cal axes due to the reduced offset of conventional femoral
prostheses.
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Ab In total hip arthroplasty (THA), the patient-specific bone geometry or the
characteristics of the skeletal movement should be idered during in
order to prevent complications. In this paper, we propose & novel approach for the
analysis of joints which combines the patient-specific virtual and physical simulation.
The patient-specific anatomical structure and hip motion was obtained from CT and
mwmnmmmmmwmmmtylmmm
using virtual reality technique. The pk hieved by using plaster
mdd:nrunmumsphh-ﬂmwmuemmpuwu The plaster models
were driven by two robotic manipulators to reproduce the hip motion. The accuracy of
ﬂienbﬂmvemuﬂwnﬂlﬂmmﬂum&n;mmﬂmsmlhanlmm
by m optical lnuldns :ymm. By combining this system with linear actuators that
the muscle jons, patient-specific muscle function can be simulated,
m«wyhelpmdmmdmmdmnhuutmtplm

Keywords. total hip arthroplasty, virtual simulation, physical simulation

1. Introduction
Total hip arthroplasty (THA) is a surgical procedure in which the diseased parts of the

hip joint are removed and replaced with new artificial ones. The main complications of
this surgery are dislocation and loosening due to the wearing of the sliding surface. To

-302-



CT scanning

l Motion capturing

Virtual simulation

Fig. 1 Overview of the proposed system

prevent these complications, the patient-specific bone geometry or the characteristics of
the skeletal movement should be considered during treatment. In recent studies [1][2), a
patient-specific three-dimensional (3D) skeletal model prepared from computed
tomography (CT) and motion capture data of the patient was used to simulate patient-
specific skeletal motion. On the other hand, for analyzing the typical dynamics of joints,
especially the knee joint, a few researchers have developed systems that reproduce
previously recorded 6-degree-of-freedom kinematics using a robotic manipulator with the
joint part of porcine carcasses or cadavers [3][4]. These systems were intended to be used
for the analysis of the general characteristics of a dynamic state of the knee joint such as
the tension in the anterior cruciate ligament, etc. However, because these systems used a
porcine carcass or a cadaver, the motion of the individual was not available: therefore the
simulation result has some limitations concerning the correspondence between the
geometry and the movement.

In this paper, we propose a novel approach for the analysis of joints which combines the
patient-specific virtual simulation we have been developing for patients after THA [2] and
a newly developed physical simulation system. As described above, physical simulation in
this research analyzes the dynamics of the joint such as forces acting on or within the joint.
This physical simulation system consists of a 6-degree-of-freedom robotic manipulator
and a plaster model of the patient-specific bone geometry. Analysis by this physical
simulation reinforces the result of virtual simulation and also helps the patients to
understand the motion of their hip joint.
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Fig. 2 Simulation using the virtual model. a, b: skeletal motion analysis; c. transition of the joint angle;
d: distribution of the wearing part d by the simulation; e: estimated range of motion

2. Methods

First, we scanned the patient’s lower extremity using CT and constructed a patient-
specific 3D bone geometry model. Then, we captured the motion of the patient during
some daily activities. The details of the method for obtaining these patient-specific data
were described in the previous paper [2]. These data were used as the input for both the
virtual and physical simulation systems (Fig. 1). In the virtual simulation system, accurate
joint motion, collisions between hard tissue around the hip joint, and the estimated muscle
force induced by the surrounding muscles were calculated (Fig. 2).
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Fig. 3 Configuration of the physical simulation system. It reproduces the patient-specific bone geometry and
the motion of the hip joint.

The physical simulation system was created as follows. First, we manufactured a
plaster model from the patient-specific bone geometry data of the pelvis and femur by
using a laminate molding technique (layer thickness: 0.1 mm). The plaster models were
hardened by a certain type of plastic to obtain similar strength as human bone. In addition,
the real artificial joint, which is the spherical metal head of a femur and the polyethylene
cup, was combined with the plaster model to duplicate the sliding condition of the
patient’s hip joint. Then, each plaster model was mounted on the serial-articulated robotic
manipulator (Fig. 3). Both robotic manipulators were registered by an optical tracking
device, OPTOTRAK system (NDI Inc., Canada), and the relative position was calculated,
Both robots were driven simultaneously by a single computer according to the patient's
motion data to reproduce the relative motion between pelvis and femur.

Then, to validate the accuracy of the robot movement, the programmed movement of
the robotic arm was validated using an optical tracking device. The robot with optical
markers was driven throughout the working area (Fig. 4). The distance between the
programmed and measured position was calculated as the error,

3. Results

Using the virtual and physical simulation system, the patient-specific movement of the
skeletal structures was reproduced (Fig. 5). This helped the clinician in the analysis of the
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Fig. 4 Experi for validating the y of the robot manipulator. The red grid indicates the position
that the experiment targeted.

joint structure and the dynamics of each patient’s hip joint in detail, such as the contact

force at the sliding surface or the characteristics of the movement. The root-mean-square

error between the programmed and measured motion was 0.245 mm over the working

area.

4, Conclusions

In this paper, we proposed a new approach for the analysis of joint motion and
determined its feasibility. As described in previous research, physical simulation using the
real joint object is extremely important for analyzing the forces acting on or within joints;
however until now this has been achieved only for nonliving bodies. In the proposed
system, even though only a few parts such as bones, artificial joints and motions were
reproduced, it used data from living patients. For the application of these types of
simulation to actual clinical settings for diagnosis, surgical planning or treatment planning,
etc., the simulation of each patient’s joint is inevitable. Furthermore, by combining this
system with linear actuators that reproduce the muscle functions and a 6-axis force
sensing device, patient-specific muscle function can be simulated accurately, thereby
helping clinicians to select the optimal size of the artificial joint in preoperative planning
and also predict postoperative complications such as dislocation or wearing at the sliding
surface.
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Fig. 5 Result of the virtual and physical simulation. a~c: display of the movement of the virtual model, d-f
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