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Fig. 1-2 Structure of artificial joint (Left: Artificial knee joint, Right: Artificial hip joint) 
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Fig. 1-3 Summary of operative procedure for total knee arthroplasty (Left: femoral cutting jig, Right: tibia 

cutting jig). 

 

 

Fig. 1-4 Bone cutting process based on slit of cutting jig. 
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Fig. 1-5 Changes of unit number of artificial joint. 
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Fig. 2-2 Landmarks of proximal tibia 
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Fig. 2-6 Definition of anterior pelvic plane (APP)  
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Fig. 2-8 Implantation of pelvis cup 
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Table. 2-1 Conformity between preplan and real size 

Case 
Plan Results Conformity 

Stem Cup Stem Cup Stem Cup 

1 #13 φ50 #13 φ50   

2 #12 φ46 #12 φ48  ○ 

3 #12 φ50 #12 φ48  ○ 

4 #13 φ50 #14 φ50 ○  

5 #10 φ50 #10 φ48  ○ 

6 #10 φ54 #10 φ52  ○ 

7 #12 φ48 #12 φ48   

8 #13 φ50 #12 φ50 ○  

9 #12 φ50 #13 φ50 ○  

10 #11 φ50 #11 φ50   

11 #12 φ54 #12 φ54   

12 #12 φ50 #12 φ50   

13 #12 φ50 #12 φ50   

Conformity 1 size  

Conformity Exactly  
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Fig. 3-1 Schematic illustration of anterior pelvic plane and coordinate system 
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Fig. 3-2 Flow chart of algorithm for automatic APP definition 
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Fig. 3-3 Plastic pelvis bone (sawbone) and CT apparatus 

 

Table1. CT scanning and imaging condition (For sawbone) 

Condition Parameter Value 

Scanning 

Apparatus Hitachi ECLOS-4S 

X-ray tube voltage 120 kV 

X-ray tube current 125 mA 

Scan time 0.8 s 

Slice thickness 1.25 mm 

Reconstruction 

Image spacing 1.25 mm 

Image thickness 1.25 mm 

Reconst.function Bone 

Operative anteversion / inclination angle [4]
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Fig. 3-4 Manual definition of APP using preplanning software (N-View, Teijin Nakashima Medical Co.,Ltd.) 

 

 

Fig. 3-5 Software dialog of automatic APP definition 
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Fig. 3-6 Posture of pelvis after automatic APP definition (In this figure, the red points indicate the landmarks 

extracted automatically.) 

 

Fig. 3-7 APP difference between manual and automatic definition 
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Fig. 3-8 Measurement of pelvis posture (This figure shows the measurement of internal/external rotation) 
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Table. 3-2. Posture of pelvis during CT scanning 

Posture Mean SD (deg) Min-Max (deg) 

Anterior/Posterior 4.1 ± 4.4 0.0 11.6 

Internal/External 3.5 ± 3.3 0.0 9.0 

Adduction/Abduction 2.2 ± 1.7 0.5 4.4 

Notation: Mean standard deviation, Min and Max means of minimum and maximum angle, respectively. 

APP
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CT  
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4-1  

Image-free

CT

Image-free

X

[5-6]

 

 

Table. 4-1 Features of CT-based and Image-free navigation system 

Type Merit Demerit 

CT-based It is applicable to severe bone deformity. 

Measured points during operation are less 

than image-free system (Required 

registration time is short). 

It is necessary to CT scanning and 

preplanning. 

X-ray exposure by CT scanning. 

Image-free It is unnecessary to CT scanning and 

preplanning (fuss-free before operation). 

Error of landmark during operation 

directly leads the registration error. 

It is necessary to measure many 

landmarks to register target bone. 

 

Minimally Invasive Surgery: MIS

12 15cm MIS 7.5 10cm

[7] Image-free

MIS

 

MIS UKA Unicompartmental Knee Arthroplasty

[8-10] 3
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ISO/IEC 60601-1-1[14] 60601-1-2[15]

ISO/IEC60950-1[16] VCCI ClassB[17]

JIS T0601-1-1[18] T0601-1-2[19]

4-2  

 

 

Fig. 4-1 Overview of CT-based navigation system 
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Fig. 4-2 EMC (Electro Magnetic Compatibility) test site 
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Fig. 4-3  Definition of bone and implant coordinate system 
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Fig. 4-4 Principle of orthopaedic navigation system. Explanation of registration on femur side. 

Tfemplan/femreal is a registration information between femur coordinate system in the pre-planning space 

and femur local coordinate system in the operative room space. If the femur position/posture changes to flex 

the knee  the mapping for pre-planning space will be maintained by re-measuring the position of femur local 

coordinate system. 
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Fig. 4-5 CT image of cadaver bone. The pivot points of fiducial marker are extracted from MPR image or 3D 

model. 

 

 
Fig. 4-6 Landmark measurement of cadaver bone using the pen-probe 
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Fig. 4-7 Measured landmarks of cadaver femur. a) Medial epicondyle, b) Lateral epicondyle 

 

 

 

 

Fig. 4-8 Measured landmarks of cadaver tibia. a) Tibial tuberosity, b) Medial/Lateral malleoli, c) Insertion of 

PCL 

a) b) 

a) b) 

c) 
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4-2

Image-free

Image-free [5-6]

 

 

Table. 4-2 Error of landmark registration (deg) 

Target bone Sagittal plane Coronal plane Axial plane 

Femur 1.0 0.9 0.6±0.4 3.5±3.2 

Tibia 0.4 0.2 0.3±0.2 3.6±1.7 

Notation: Mean standard deviation (deg) 

 

PCL  

 

O

MIS

4-9 4-10

4 6  

 

 

   
Fig 4 9 Area of femur for surface registration. a) Medal edge, Medial posterior and lateral side of 

intercondylar fossa, b) Medial distal plane. 
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Fig 4 10 Area of tibia for surface registration. a) Anterior cortex of the proximal tibia and medial tibial 

tuberosity, b) Medial edge, c) medial plateau, d) Medial malleoli, e) Lateral malleoli. 
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Fig 4 11 Generation of bone surface model 
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Fig 4 12 Import of preplanning data 
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Fig 4 13 Visibility check of femur and tibia antenna 
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3

4-14

 

 

 

Fig 4-14 Femur point registration. The yellow point shows the preplanning landmark, the red point is the 

measured landmark, blue point and arrow are the current measured point.  
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Fig 4-15 Femur surface registration 

 

 

Fig 4-16 Verification of femur registration. The white lines show the coronal, sagittal and transverse contour 

of virtual femur, the orange points indicate the position of probe tip which translated from real to virtual 

space. 
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Fig. 4-17 Guidance of bone cutting instrument. The red line shows the preplanning cutting position and 

posture, the blue line is current position and posture of cutting jig. 

 

 

Fig. 4-18 Guidance of rotational alignment of femur 
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Patient Matched Instrument: PMI 5-1

[1-14]  

 

 
Fig. 5-1 Patient matched instruments (for knee joint arthroplasty) 
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Fig. 5-2 3D-preplanning software for TKA (In this study, we attempted to evaluate the postoperative precision 

using this software). 
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Fig. 5-3 3D-CAD matching method to compare preplan and postoperative CAD model reconstructed by CT 

images. Red line : preplanning implant position, blue line : estimated postoperative position. 
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Fig. 5-4 Bone cutting by means of navigation system 
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Table. 5-1 CT scanning and imaging conditions 

Condition Parameter Value 

Scanning 

Apparatus Hitachi ECLOS-4S 

X-ray tube voltage 120 kV 

X-ray tube current 125 mA 

Scan time 0.8 s 

Slice thickness 1.25 mm 

Reconstructio

n 

Image spacing 1.25 mm 

Image thickness 1.25 mm 

Reconst.function Bone 

 

 

  
 

Fig. 5-5 Three-dimensional measurement of bone to determine the correct implant position: a) 

three-dimensional measurement of cutting bone, b) Matching measured data to preplan. 

Preplanning bone 

Measured bone 

Measured implant 

(Green) 
Implant CAD model 

(Yellow) 

a) 

b) 
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0.2mm RMS Root Mean 

Square CT  

5.2.1 5.2.3

 

 

 

CAD ICP

 

CAD 1.5mm 

RMS CAD CT 2mm RMS

1mm RMS  

 

5-2 1 1mm 3

1.2 ± 0.8 2.3 0.9

AP 1.8 ± 0.6 1.9 2.5 ML 1.3 ± 1.4 3.3 0.6

 

 
Table. 5-2 Postoperative evaluation precision of each method 

Method Region RX 
(deg) 

RY 
(deg) 

RZ 
(deg) 

TX 
(mm) 

TY 
(mm) 

TZ 
(mm) 

3D-preplanning 
software 

Femur 1.0±0.8 0.6±0.3 0.4±0.2 0.8±0.6 0.8±1.1 0.2±0.3 
Tibia 0.4±0.3 0.4±0.2 1.2±0.8 1.8±0.6 1.3±1.4 1.0±0.7 

3D-CAD 
matching 

Femur 1.4±0.7 0.4±0.5 0.6±0.3 0.8±0.2 0.5±0.5 0.8±0.5 
Tibia 0.8±0.4 1.1±0.5 1.3±0.5 0.4±0.4 0.8±0.9 1.0±0.5 

Navigation 
(Cut plane) 

Femur 0.2±0.2 0.6±0.3 0.6±0.4 - 1.0±0.8 0.8±0.7 
Tibia 0.8±0.5 0.6±0.3 - - - 0.1±0.1 

Navigation 
(Implantation) 

Femur 0.5±0.4 0.9±0.1 0.8±0.6 - 0.9±1.0 0.7±0.7 
Tibia 1.1±0.7 0.8±0.3 - - - 0.4±0.2 

Notation : Mean ± standard deviation, RX/RY/RZ mean of the rotational error around X/Y/Z axis 
and TX/TY/TZ mean of the translational error of the X/Y/Z direction, respectively.  
 

CAD 1.4 ± 0.7 0.8 2.3

1.1 ± 0.5 1.7 1.1 1.3 ± 0.5 3.5

1.0  
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Fig. 5-6 Matching result of CT image and implant CAD model.  
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Table. 5-3 Summary of studies investigating leg alignment and implant setting accuracy in TKA  
 

Author, 

Year 
System 

Eval. 

method 

Evaluated direction 

Mech. 

Axis 

Femur implant alignment  Tibia alignment 

Cor Sag Rot Cor Sag 

Perlick, 

2004[1] 

CT-based 

navi 

(BrainLab) 

X-ray * * NS  NS NS 

Bathis, 

2004[6] 

CT-free navi 

(BrainLab) 
X-ray * * *  NS * 

Kim, 

2009[17] 

CT-free navi 

(BrainLab) 
X-ray NS NS NS  NS NS 

Sparmann, 

2004[4] 

Navi 

(Stryker) 
X-ray * * *  * NS 

Chauhan, 

2004[7] 

Navi 

(Stryker) 

X-ray, 

CT 
* * NS * * * 

Ensini, 

2007[8] 

Navi 

(Stryker) 
X-ray NS NS *  NS NS 

Lutzner, 

2008[2] 

Navi 

(Stryker) 

X-ray, 

CT 
NS NS NS NS NS NS 

Confalonieri, 

2005[23] 

Navi 

(Aesculap) 
X-ray * NS *  NS * 

Matziolis, 

2007[9] 

Navi (Plus 

Orthopaedics) 
CT * * NS NS NS NS 

Ek, 2008[3] 
Navi (Ci 

System) 
X-ray NS * *  NS * 

Moon, 

2012[24] 
ROBODOC CT  NS NS * NS NS 

Song, 

2013[25] 
ROBODOC X-ray * * NS  NS NS 

MacDessi, 

2014[26] 

PMI 

(Zimmer) 
X-ray * * NS NS * NS 

Chotanaphuti,

2014[15] 
PMI (Depuy) 

X-ray, 

CT 
NS NS  *  * 

Heyse, 

2014[11] 

PMI 

(Smith&Neph

ew) 

MRI    *   

Daniilidis, 

2014[12] 

PMI 

(Smith&Neph

ew) 

X-ray *      

 
NS : not significant, * : significant difference, : not evaluated.
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Fig. 6-1 Nomenclature of knee motion 
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Fig. 6-2 Kinematic measurement by means of developed navigation system. 
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Fig. 6-3 Function of ligament motion measurement 
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a) Knee motion during flexion 

 

b) External rotation of femur 

 

c) Varus/Valgus of femur 
Fig. 6-4 Knee kinematics based on bone and implant coordinate system. Each rotation of knee joint is 
presented with reference to tibia implant coordinate system. 
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(a) Anterior/Posterior translation of femur 

 

                         (b) External rotation of femur 

 

(c) Varus/Valgus of femur  

Fig. 6-5 Knee kinematics change in accordance with insert thickness 
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(a)Sample 1(Left : Insert thickness 9mm, Right:11mm) 

  

(b)Sample 2(Left : Insert thickness 7mm, Right:9mm) 

  

(c)Sample 3(Left : Insert thickness 9mm, Right:11mm) 

Fig. 6-6 Pivot analysis during knee flexion 

 

 

 

 

 



78 
 

6-7 ACL PCL 6-8 ACL PCL

ACL PCL  

 

 

a) Sample 4 
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Fig. 6-7 Kinematics of ACL and PCL. Orange line shows the ACL, yellow is PCL. 
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a) Sample 4 

 

b) Sample 5 

Fig. 6-8 ACL and PCL length with knee flexion 
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Table. 6-1 Angular error of navigation system 
Error (deg) Ant-Pos Var-Val Int-Ext 

Total 1.3 1.2 1.4 0.9 -- 

Registration 1.5 2.3 1.1 0.9 -- 

Cut / Implanting 1.2 0.8 0.6 0.5 4.6 3.1 

Abbreviations: 

Ant-Pos/Anterior-Posterior slope, 

Var-Val/Varus-Valgus, 

Int-Ext/Internal-External rotation. 

 

Table. 6-2 Position error of navigation system 
Error (mm) AP ML Depth 

Total -- -- 3.1 1.3 

Registration -- -- 1.4 0.8 

Cut / Implanting 2.9 0.9 2.1 1.1 1.5 0.9 

Depth means the cutting or implanting level. 
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Fig. 6-9 Knee kinematics evaluation based on implant coordinate system. 
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7-1 [11]

 

 

Table. 7-1 Various approach method of hip arthroplasty. 

 

1) 5 2) CT-based

3) 4) 

4  

4 CT-based

Approach Incision Nomenclature 

Anterior Intermuscular Modified Smith-Peterson/Light and Keggi/Matta 

Anterolateral Intermuscular Modified Watson-Jones/Roettinger 

Direct lateral Muscle incision Modified Bauer/Hardinge/Dall 

Posterior Muscle incision Modified Moore andothere 
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Fig. 7-1 Registration simulator for total hip arthroplasty (White model shows correct pelvis position, red 

model is the estimated position after registration). 
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Fig. 7-2 Applied samples of pelvis 
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a) Initial translation error of X-direction 

 
b) Initial translation error of Y-direction 

 
c) Initial translation error of Z-direction 
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d) Initial rotation error around X-axis 

 
e) Initial rotation error around Y-axis 

 
f) Initial rotation error around Z-axis 

Fig. 7-3 Surface registration error when each initial error is introduced. 
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a) Model bone 

 
b) Acetabular dysplasia 

Fig. 7-4 Maximum acceptable error for initial value. 
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a) Model bone 

 
b) Acetabular dysplasia 

Fig. 7-5 Acceptable initial error for each approach. 
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a) Crowe classification  

 
b) Crowe classification  

 
c) Crowe classification  

Fig. 7-6 Acceptable initial error for Crowe classification. 
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CAD 7-8  
 

 

Fig. 7-7 Point paired registration. Purple points show the points of virtual space, and red points 
are measured points. 
 

 

Fig. 7-8 Pelvis surface registration. 

7-9
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Fig. 7-9 Verification of pelvis registration. Orange point shows the position of probe tip in the 
virtual space. 
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Fig. 7-10 Cup insertion. 
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7-2
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Fig. 7-11 Setting angle analysis of acetabular cup using 3-dimensional template software. 
 

Table. 7-2 Results of error analysis (deg) 

Sample 
Developed navigation Post CT analysis 

OI diff. OA diff. 
OI OA OI OA 

1 26 37 28 36 2 1 

2 28 28 29 22 1 6 

3 35 34 30 35 5 1 

4 55 3 61 8 6 5 

5 32 38 34 33 2 5 

6 41 31 37 33 4 2 

7 41 31 39 31 2 0 

Average 37 ± 10 29 ± 12 37 ± 11 28 ± 10 3 ± 2 3 ± 2 

    Notation: Mean standard deviation.  
    Abbreviation: diff / difference between developed navigation value and post-CT analysis. 

 OI / Operative inclination, OA / Operative anteversion (see 2.3.2). 
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Table. 7-3 Diffusion bonding condition 
Atmosphere Vacuum 

Holding temparature 870 900 930 960  

Holding time 2.0 h 

Pressure 5MPa 

Sample size 
10mm 10mm 3.2mm (Base 

metal:2mm, mesh1.2mm) 

 

7-12 7-15 SEM
870 900

 
930 Ti-6Al-4V Ti Al

V 960 960 Ti-6Al-4V
 

930
 

 
 

 
Fig. 7-12 SEM micrograph and element map (870 2h). 
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Fig. 7-13 SEM micrograph and element map (900 2h). 
 

 
Fig. 7-14 SEM micrograph and element map (930 2h). 

 

 
Fig. 7-15 SEM micrograph and element map (960 2h). 
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FemoroAcetabular Impingement: FAI
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Fig. 8-1 Type of FAI[1]: a) Normal, b) Cam type, c) Pincer type, d) Mixed type 
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Fig. 8-2 CT image of FAI sample 
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Fig. 8-3 Direction of hip motion 
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Fig. 8-4 Design of pelvis and femur model (FAI model) 
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Fig. 8-5 3D-printer which was used to create the plastic bone model 
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Fig. 8-6 Decision of alignment and registration area using preplanning software. 

 

 

Fig. 8-7 Measurement of range of hip motion by commercial navigation system 
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Fig. 8-8 Measurement of range of hip motion by generic CAD software 
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Table. 8-1 Range of hip motion 

Method Bone excision Max. flexion 

(deg) 

90 deg flexion 

Internal External 

Navigation Before 98 * * 

After 116 31 25 

This method Before 69 Impingement 16-20 

After 107 34 20 

    *Not measured. 
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Fig. 8-9 Impingement between acetabulum and femur neck 
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Fig. 8-10 Bone resection level of real femur model (Blue color indicates the region of bone resection) 
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