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Abstract. Anterior cruciate ligament (ACL) reconstruction is one of the
surgeries to recover the knee function. The ACL reconstruction attach
the grafts which is harvested from other parts to the femur and tibia.
The grafts connects the femur and tibia by passing through the bone
tunnels. One of the techniques makes the bone tunnel of the femur and
tibia in one line at a proper knee flexion angle. If the angle is improper,
the bone tunnel is made at high risk of infection. So, it is important to
visualize the virtual bone tunnels at various knee angle as a planning
system. This paper proposes a new method to visualize 3D profile of the
knee and the virtual bone tunnels during motion with 3D scanner and
3D electromagnetic sensors.
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1 Introduction

In the medical fields, dynamic motion of the profile of the bone is required for
diagnosis. In case of failure of the anterior cruciate ligament (ACL), the motion
of the knee is deferent from the normal knee. An expert doctor can clinically
diagnose the difference by manual. However, the evaluation is subjectively and
ambiguous information. Therefore, some systems have been developed for pro-
viding quantitative information. KT-1000 can mechanically measure an anterior
position of the tibia relative to the femur [1]. Rolimeter (OS Inc., Hayward CA,
USA) can measure a similar information with an electrogoniometer [2]. We also
have developed a system can measure six degree of freedom of the knee motion
with electromagnetic sensors [3]. However, these system cannot obtain informa-
tion derived from surface of the bone (e.g., gap of the bones, motion of the
ligament) which is one of the important criterion for diagnose. On the other
hand, MRI and 3DCT can acquire profile information of the objects (e.g., bone,
muscles, ligaments, fat tissue). A study [4] have reported bone relationship mea-
sured at each position. Naturally, the result of this method is different from the
real dynamic. A study have reported that the bone relative information can be
analyzed with fluoroscopy and 3DCT [5]. This method could accurately produce
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the contact point of the femur to the tibia. However, a kind of this method re-
quires much time to registration due to image matching. This paper proposes a
new method to analyze a relative motion of the bones and to visualize the virtual
bone tunnels with 3D scanner and 3D electromagnetic sensors. The detail of the
method is represented as follows.

2 Preliminaries

2.1 3D Scanner

The 3D laser scanner (FastSCAN Cobra, Polhemus) was employed to obtain 3D
profile of the knee [6], [7]. This device consists of a receiver with laser scanner,
a transmitter and signal processing unit (Fig. 1). The laser scanner has laser
indicator and camera. The laser indicator radiates a broad-ranging beam to a
target object. The beam is distorted by the target object, and captured by the
camera. Then, the transmitter transmits a magnetic wave so that the receiver
could calculate the position and pose of a space. The laser scanner obtained 3D
profile of the target by manual moving the receiver.

Fig. 1. 3D laser scanner

Measurement data is 3D numerical data that represents mesh structure of
the target profile. A primitive mesh shape is triangle. The proposed method is
applied for this obtained mesh data. An example of a measurement data of the
knee is shown in Fig. 2. In the transmitter was placed near a cadaveric knee by
using a tripod (Fig. 1). The effective area of the transmitter is 1000 mm.
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Fig. 2. An example of measurement data

2.2 3D Magnetic Sensor

A 3D magnetic sensors system consists of a personal computer, an electromag-
netic device (Polhmus Inc., LIBERTY), and stylus and braces as shown in Fig.
3. The electromagnetic device consists of a System Electronics Unit (SEU), a
single transmitter, and one to four receivers. The relationship between the femur
and the tibia are calculated using the information from the position and pose
of the receivers. Each analyzed value was provided and recorded at 240 Hz. The
electromagnetic wave is transmitted from the transmitter, and received by the
receivers. Information from the position and pose of the receivers is obtained by
a personal computer via the SEU. The accuracy of this device is as follows. The
static error of position and orientation are 0.8 mm RMS and 0.15 degree RMS,
respectively. The electromagnetic receivers are attached to the plastic braces by
a circumferential Velcro strap and placed approximately 13 cm above the patella
for the femur and approximately 10 cm below the tibial tubercle for the tibia
so as not to interfere with examination maneuvers. The braces allow the non-
invasive measurement of knee kinematics. The operating theater was set up so
that the electromagnetic devices are positioned within the optimal operational
zone and there is no interference from magnetic materials [8]. A plastic stylus
affixed by a receiver was used to digitize the position of landmarks.

3 Methods

Firstly, 6 DOF (degrees of freedom) of the knee motion should be analyzed from
3D magnetic sensors. The 6 DOF is important information for knowing relative
motion between the femur and tibia. Finally, the anatomical landmark which is
obtained from the femur and tibia, is used for registration of motion and profile
data. Each detail is explained at following sections.
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(a) (b)

Fig. 3. 3D magnetic sensors

3.1 Calculation of 6 DOF

The anatomical reference points were digitized by pointing a probe equipped
with an additional receiver before 6 DOF kinematics measurement. All reference
points were indicated at 90 degree of knee flexion using the stylus affixed by the
receiver, because at 90 degree the distance between the transmitter and receivers
is within optimal range and anatomical reference points are most distinguishable.
The reference points were (P1) the greater trochanter of the femur, (P2, P3) the
medial and lateral epicondyles, (P4) intersection between the knee joint line and
the medial collateral ligament, (P5) the proximal edge of the fibula, (P6, P7)
the distal edges of the medial and lateral malleoli of the ankle as shown in Fig. 4
(a). In acquiring the kinematics data, the reference points were calculated from
position and pose information of the receivers.

The coordinate systems on the femur and tibia are defined as follows (Fig. 5).
The center of P2 and P3 is used as the origin of the femoral coordinate system.
The bone axis of the femur (Z) is the line between P1 and the origin of the
femur. The medial and lateral (M-L) axis of the femur (X) is the projected line
of the line connecting P2 and P3 on the perpendicular plane to the bone axis.
The anterior and posterior (A-P) axis of the femur (Y) is the line, which is the
cross product of the bone and M-L axes. The center of P4 and P5 is used as the
origin of the tibial coordinate system. The bone axis of the tibia (z) is the line
connecting the center of P4 and P5 with the center of P6 and P7. The M-L axis
of the tibia (x) is the projected line of the line connecting P4 and P5 on the
perpendicular plane to the bone axis. The A-P axis of the tibia (y) is the line,
which is the cross product of the bone and ML axes.

The 6 DOF in knee kinematics were calculated by modifying the princi-
ple of the joint coordinate system proposed by Grood and Suntay [[9]] us-
ing the bone axis of the femur instead of the mechanical axis as shown in
Fig. 4. The 6 DOF consists of three rotations (Flexion-Extension (F-E) ro-
tation: Flexion(+) / Extension(-), Valgus-Varus (V-V) rotation : Valgus(+) /
Varus(-), External-Internal (E-I) rotation : External(+) / Internal(-)), and three
translations (Anterior-Posterior (A-P) translation : Anterior(+) / Posterior(-),
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Medial-Lateral (M-L) translation : Medial(-) / Lateral(+), Proximal-Distal (P-
D) translation : Proximal(-) / Distal(+)) as shown in Fig. 6. These six parameters
represent a joint static relationship between the femur and tibia.

(a) (b)

Fig. 4. Coordinate systems

3.2 Registration of Motion and Profile Data

Registration of motion and profile data is performed with three reference points
for each bone. The three reference points makes a triangle. The profile data is
transformed so that the triangle of the profile is corresponding to the triangle
of the motion. In this study, we employ medial and lateral epicondyles, and
posterior surface of middle of the femur for the femur, and posterior edge of
medial and lateral condyle, and anterior surface of middle of the tibia for the
tibia. We consider three points matrix A of the profile data, and B of the motion
data, and transformation matrix M . Each matrix is expressed as the following
equations.

A =

⎡
⎣
xa1 xa2 xa3

ya1 ya2 ya3
za1 za2 za3

⎤
⎦ (1)

B =

⎡
⎣
xb1 xb2 xb3

yb1 yb2 yb3
zb1 zb2 zb3

⎤
⎦ (2)

M =

⎡
⎣
x11 x12 x13

y21 y22 y23
z31 z32 z33

⎤
⎦ (3)
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(a) (b)

(c) (d)

(e) (f)

Fig. 5. Virtual bone tunnels
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where B = MA. Here, this equation can be solved for the transformation matrix
M as the following equation.

M = BA−1 (4)

Then, each mesh of the profile can be translated to the position of the 3D mag-
netic sensor by using the transformation matrix M . Then, the translated profiles
of the femur and tibia, and each anatomical reference points are calculated. Fi-
nally, the virtual bone tunnels are visualized by connecting anteromedial (AM)
and posterolateral (PL) attachments of the each bones.

4 Experiments

The proposal method was applied to one cadaveric knee. A motion with flexion-
extension of the knee, which was manipulated by an examiner, was recorded
by 3D magnetic sensor. The reference points of registration and AM and PL
attachments were also recorded. Then, the soft-tissue surrounding the femur
and tibia was completely removed. The profiles of the femur and tibia were
acquired by 3D scanner. In this experiment, the virtual bone tunnels and bone
relationships were visualized.

5 Results

The virtual bone tunnles and bone relationships were shown in Fig. 5. The figures
are corronal and sagittal at 70, 90, and 110 knee flexion angle, respectively. In
case of 70 degree, the virtual bone tunnel runs obviously parallel to the bone
axis of the femur. The graft cannot obviously connects the femur and tibia in
this relationship. Also in case of 90 degree is not so proper, because the extra-
articular point of the virtual bone tunnel has a risk for infection. The case of
110 degree is the most safety in comparing with other angles.

6 Conclusion

This study was to propose a registration method of 3D profile and motion data
and to visualize the virtual bone tunnels obtained by 3D scanner and 3D mag-
netic sensors. Especially, a solving method about a transformation equation was
presented. In the experiment, the proposal method was applied to one cadaveric
knee. The virtual bone tunnel and bone relationships was visualized. Then, it
indicates that the proposed method could show a risk for medical doctors by
visualizing the virtual bone tunnels. The future works are to examine a contact
point, stress to the meniscus, etc. by using the relative position information.
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