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ABSTRACT Robotic arthroscopy is a potential alternative surgery method because the use of robotic
arthroscope manipulators could ensure a constant quality of view that would enhance the workflow of the
operator. To achieve this advancement, a workspace derivation for the movement of the arthroscope in the
human joint is needed. There is a key requirement for workspace derivation of the arthroscope: the workspace
should incorporate all the essential observation sites to ensure a suitable field of view during an arthroscopic
surgery for various patients. The workspace could be delineated via workspace measurements on various
patients or cadavers; however, this would be an arduous process. Herein, we propose a workspace derivation
using morphological measurement data of various human shoulder joints for arthroscopic rotator cuff repair,
which is a typical operation in arthroscopy. First, we present the geometrical modeling of the human shoulder
joint using morphological parameters and standard portal placement methods. Second, the morphological
measurement data of the human joint are substituted for the parameters to determine the workspace required
for arthroscopic rotator cuff repair. As a result, we obtain the location of each portal and the workspace
of the arthroscope via the portals that incorporate all the essential observation sites. We verify the derived
workspace through several cadaveric tests. For all the experimental results, it was confirmed that the 95th

percentile of the range of motion was formed within the workspace obtained using the proposed method.
The results verify that the proposed method is feasible for arthroscopy.

INDEX TERMS Medical robotics, endoscopes, surgery, motion measurement, surgical instruments.

I. INTRODUCTION
Arthroscopy is a substitute for open surgery in orthopedics,
and its types are gradually expanding. Among them, shoulder
arthroscopy accounts for a large proportion of surgical oper-
ations. Rotator cuff repair is a typical operation in shoulder
arthroscopy, inwhich the surgeonmust perform a highly com-
plex procedure in the shoulder joint of the patient. Therefore,
significant labor is needed to utilize various surgical instru-
ments, which means that the help of assistants is required.

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhong Wu .

In such a surgery, the operator performs various suture
procedures, whereas the assistants primarily manipulate the
arthroscope, which enables the field of view of the operating
area to be secured. There are various difficulties associated
with this process, such as unclear orientation due to the
fulcrum motion and screen shaking caused by hand tremors
[1]. Furthermore, there is a limitation that the quality of
surgery varies with the ability of the surgical assistants. If a
robotic arthroscope manipulator is employed, the aforemen-
tioned problems can be solved through intuitive, smooth, and
stable movement of the robotic arm. Therefore, a robotic
arthroscope manipulator that could secure a constant quality
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FIGURE 1. System layout of shoulder arthroscopy using robotic arthroscope manipulator.

FIGURE 2. (a) Three basic portals for shoulder arthroscopy, (b) shape and parameters of workspace of
arthroscope.

of view would help increase the stability of the procedure of
the operator.

In the laparoscopic field, robotic camera manipulators
have been actively investigated [2]–[10]. They utilized the
following laparoscope control method not to increase the
operator’s workload excessively as well as to ensure safe sur-
gical assistance: autonomous tool tracking algorithm, a small
joystick that is attachable to a surgical instrument, system that
make laparoscope imitate operator’s headmotion. However, a
robotic arthroscope manipulator is yet to be developed in the
orthopedic field. A robotic arthroscope manipulator can be
designed as shown in Fig. 1. To design a robotic arthroscope
manipulator, a workspace derivation of the arthroscope’s
movement in the affected area must be performed first for the
following reasons. First, the workspace analysis results can
be used to design a robot that is optimized for the workspace
of the target operation. For example, the active robotic arm
can be optimized according to the range of motion around

the portal [11]. Furthermore, the link length of the positioning
arm can be optimized according to the location of the portal
[12]. Second, the initial position of the robot base point
can be optimized for the workspace of the target operation.
If the initial positioning of the base point is not properly per-
formed, the end effector of the robot cannot reach the target
point during surgery, which would necessitate repositioning.
Therefore, to limit the operation time, the initial positioning
of the base point for the target workspace is important, and a
considerable amount of research has been conducted in this
regard [13], [14].

For workspace derivation, Cao, C., et al analyzed the
motion of a surgical instrument by taking videos of 1 expert
and 5 novices while they do laparoscopic animal tests [15].
Person, J. G., et al proposed an automatic system that mea-
sures the motion of the operator during laparoscopy by using
a Polaris position sensor and video camera [16]. Riener, R.,
et al. analyzed the motion of 2 surgeons during 6 cases of
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FIGURE 3. (a) Shoulder anatomy, (b) geometric model of shoulder
anatomy, (c) glenoid, and (d) geometric model of glenoid.

laparoscopy by using an electromagnetic tracking system
[17]. Jacob Rosen et al. developed a passive robotic system to
analyze surgical instrument tip position in laparoscopy [18].
In an arthroscopy study, 5 inertial sensors (inertial measure-
ment unit (IMU) sensors) were attached to the operator’s
upper limb to analyze the workspace [19]. However, all the
aforementioned studies have the limitation that data were
obtained only for very few patients or animals; workspace
analysis for large numbers of patients has not been actively
explored. Acquiring data from numerous patients or animals
is a very arduous process. Therefore, in this study, we propose
a workspace derivation method using morphological data
of various shoulder joints. The proposed method has the
advantage of being able to derive reliable workspace without
time-consuming and expensive experiments to acquire actual
measurement data.

To ensure field of view during arthroscopic surgery,
the arthroscope’s workspace should include all essential
observation sites for various patients. The workspace of the
arthroscope in patients’ shoulder joints will vary greatly
depending on the size of the patient’s body and the size of the
bone.Workspace measurements on various patients or cadav-
ers will be time-consuming and expensive. In this study,
we propose a workspace derivation method for arthroscopic
rotator cuff repair using morphological measurement data of
various human shoulder joints. Because the morphological
data contain information on a wide variety of shoulder joints,
a workspace of the arthroscope that incorporates various
shoulder joints can be derived without an arduous process.
Furthermore, the derived model of the shoulder joint can be
utilized to derive theworkspace for not only rotator cuff repair
but also various shoulder arthroscopies. The proposedmethod
can be used in various orthopedic applications that involve
large amounts of morphological data, such as knee joints and
hip joints.

In Section II, an overall description of the surgery and
desired workspace is provided. Section III presents the geo-
metrical modeling of the human shoulder joint using mor-
phological parameters. In addition, the three-dimensional
positions of important landmarks are derived using mor-
phological measurements. Deriving the positions of land-
marks is necessary because they must be observed during
surgery or serve as a criterion for the locations of basic
portals. Based on this information, the positions of the basic
portals where the arthroscope is inserted into the shoulder are
determined using the standard portal placement method.With
the geometric relationship between the portals and the land-
marks that should be observed during the surgery, Section IV
describes the delineation of a conical workspace that the
arthroscope should reach during the surgery. In Section V,
for evaluation, the workspace of an arthroscope during
arthroscopic examination and rotator cuff repair is mea-
sured via a cadaveric test and compared with the theoretical
workspace. Finally, a discussion of the results and the con-
clusions of this study are presented in Sections VI and VII,
respectively.

II. SURGICAL PROCESS AND DEFINITION OF
WORKSPACE
As shown in Fig. 2 (a), three basic portals are used in
arthroscopy: anterior portal (AP), posterior portal (PP), and
lateral portal (LP). During all shoulder arthroscopies, the sur-
geon performs arthroscopic examination of the shoulder joint
by inserting an arthroscope into the PP. In this process,
other surgical instruments are not inserted, and the surgeon
observes the glenohumeral joint (Fig. 3 (a)) using the arthro-
scope. During rotator cuff repair, the arthroscope is inserted
into the LP to secure the site of the subacromial space (SAS
in Fig. 3 (a)) of the shoulder joint. Surgical instruments,
such as radiofrequency ablation devices, shavers, and suture
lassos, are inserted into the remaining two portals. The sur-
geon uses the surgical instruments to affix the torn tendon to
the surface of the humeral head (spherical head of humerus
in Fig. 3 (a)).

As depicted in Fig. 2 (b), during the surgical task discussed
in the previous paragraph, the arthroscope performs a fulcrum
motion around the portal. Therefore, the workspace of the
arthroscope can be expressed as a conical shape with the
portal location as the vertex point. The conical workspace
is represented using half of the vertex angle and the slant
height (α and d in Fig. 2 (b), respectively), where α represents
the angle between the longitudinal vector of the arthroscope
and the axis of rotation of the conical workspace, and d
indicates the translationally moved distance required to reach
the target point from the portal location. If the arthroscope
has a conical workspace with α and d that can contain all
the target points, the operator will be able to observe all the
desired points for shoulder arthroscopy. Thus, we will find
α and d values of the arthroscope’s conical workspace at
LP and PP.
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FIGURE 4. Scapula that contains several points, such as anterolateral tip
of acromion (ALA), lateral tip of acromion (LA), posterolateral tip of
acromion (PLA), and coracoid process tip (CPT).

III. GEOMETRIC MODEL OF SHOULDER ANATOMY
In this section, we describe the workspace of an arthroscope
in shoulder arthroscopy. The geometric model that corre-
sponds to the shoulder joint anatomy is described in the
Cartesian coordinate system. Based on the derived model,
we present the derivation of the locations of the anatomic
landmarks of the human shoulder joint and three basic portals.

A. LOCATION DERIVATION OF ANATOMIC LANDMARKS IN
SHOULDER JOINT
In this section, the locations of the landmarks, such as the
anterolateral tip of acromion (ALA), lateral tip of acromion
(LA), and posterolateral tip of acromion (PLA), and coracoid
process tip (CPT) are derived to identify the positions of
portals. The geometric model is derived based on the left
shoulder. The model for the right shoulder can also be easily
derived by interchanging the left and right shoulders. Fig. 3
(a) displays the shoulder anatomy. The humeral head can be
assumed to be a sphere with the center at origin O, as shown
in Fig. 3 (b), and a diameter equal to the humeral head diam-
eter (HHD in Fig. 3) [20]. Thus, the surface of the humeral
head can be derived as follows:

x2 + y2 + z2 =
(
HHD
2

)2

(1)

The shoulder surface can also be assumed to be a sphere with
the center at origin O and a radius that is the sum of HHD/2,
the SAS [21], and the thickness of the acromion (tac) [22],
as depicted in Fig. 3 (a) and (b). Therefore, the surface of the
human shoulder can be assumed to be

x2 + y2 + z2 = r2s (2)

where rs = HHD
2 + SAS + tac. Fig. 3 (c) depicts a glenoid.

Gl and Gs denote the lengths of the longer axis and the
shorter axis, respectively, of the glenoid [23]. A glenoid can
be assumed to be an ellipse with a major axis of lengthGl and
a minor axis of length Gs, as shown in Fig. 3 (d). The glenoid
is attached to the humeral head surface and can be modeled as
an ellipse on a plane perpendicular to the y axis (Fig. 3 (b));

FIGURE 5. Location of ALA and PLA (a) top view and (b) front view.

therefore, it can be derived as follows:(
x
Gs

)2

+

(
z
Gl

)2

≤
1
4
, y = −

HHD
2

(3)

The basic portals of shoulder arthroscopy—AP, PP, and LP—
can be located based on the lateral edge of the acromion and
the CPT. Therefore, we determine the locations of the ALA
and PLA (Fig. 4). The critical shoulder angle (CSA) plane
(Fig. 5 (a)) that is perpendicular to the yz plane, including the
most inferior point of the glenoid (MIG in Fig. 5) and the
lateral edge of the acromion, is expressed as follows:(

Gl
2
+ z

)
sin(CSA) =

(
HHD
2
+ y

)
cos(CSA) (4)

In (4), the CSA is the angle between the CSA plane and the
glenoid [24]. The ALA and PLA are located at a point droof
far from the glenoid in the y direction [24]. In this case,
the plane away from the glenoid in the y direction by droof
is expressed as follows using (3):

y = −
HHD
2
+ droof (5)

Because the ALA and PLA are also located on the shoulder
surface, the positions of the former (PALA) and the latter
(PPLA) can be expressed as follows using (2), (4), and (5):

PALA =

√r2s −W 2 − H2

W
H

 (6)

PPLA =

−√r2s −W 2 − H2

W
H

 (7)

whereW = −HHD
2 + droof , H =

2droof cos(CSA)−Glsin(CSA)
2sin(CSA) .

The LA can be defined as the middle point of the ALA and
PLA, as depicted in Fig. 6 (a). Assuming that the acromial
arch is on a plane perpendicular to the y axis as shown in Fig. 6
(b), the position of the LA (PLA) can be expressed using (6)
and (7) as follows.

PLA =

 0
W√

r2s −W 2

 (8)

The CPT (Fig. 4 and 7) is separated from the glenoid plane by
the CP (Fig. 7) in the y direction. The CPT is also dcg away
from the uppermost point of the glenoid in the z direction [25].
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FIGURE 6. (a) Acromial arch (b) geometric model of ALA, PLA, and LA.

FIGURE 7. Location of CPT.

FIGURE 8. (a) Spherical coordinate and (b) movement direction in
spherical coordinates of left shoulder.

Therefore, the location of the CPT (PCPT ) can be expressed
using (3).

PCPT =

√r2s − y2c − z2cyc
zc

 (9)

where yc = −HHD
2 + CP and zc = dcg +

Gl
2 .

B. LOCATION DERIVATION OF THREE BASIC PORTALS FOR
SHOULDER ARTHROSCOPY
Because the portals are positioned on the surface of the
shoulder, which was previously assumed to be a sphere, their
locations can be derived in spherical coordinates. As shown
in Fig. 8 (a), Cartesian coordinates can be converted into
spherical coordinates as follows:

P =

rθ
φ

 =

√
x2 + y2 + z2

tan−1
( y
x

)
cos−1

( z
r

)
 (10)

The AP is located lateral to the halfway point between the
CPT and the ALA [26]. Specifically, the AP is located at the
midpoint of the CPT and PALA in the spherical coordinate
system. The location of the AP (PAP) can be derived using
(6), (9), and (10) as follows:

PAP =

rAPθAP
φAP



=


rs

1
2

(
tan−1

(
yC√

r2s −y
2
C−z

2
C

)
−tan−1

(
−W√

r2s −H2−W 2

))
1
2

(
tan−1

(√
r2s −z

2
C

zC

)
− tan−1

(
−

√
r2s −H2

H

))


(11)

The PP is located 1cm medial and 1.5–3cm inferior to the
PLA [26]. As presented in Fig. 8 (b), the radius of the circle
that is on the shoulder surface and the plane perpendicular to
the z-axis can be expressed as follows:

r = rssinφ (12)

The distance (lml) movement in the medial or lateral direction
is equal to the distance passed when the point moves on this
circle. Therefore, the change in angle θ (1θ ) in the spherical
coordinate systemwhen a point moves in the medial or lateral
direction can be derived as follows:

1θ =
lml

rssinφ
(13)

The change in angle θ during a medial or lateral directional
movement from the PLA can be expressed using (7) and (13)
as follows:

1θPLA =
lPml√
r2s − H2

(14)

where lPml represents the medially or laterally moved dis-
tance from the PLA. Similarly, the distance lsi moving in
the superior or inferior direction is equal to the distance that
the point passes while changes of φ occur in the spherical
coordinate system. Therefore, the change of φ in a supe-
rior or inferior directional movement from the PLA can be
derived as

1φPLA =
lPsi
rs

(15)

where lPsi represents the superior or inferior directional
moved distance from the PLA. The position of PP, PPP, can
be calculated using (7), (14), and (15):

PPP =

rPPθPP
φPP



=


rs

tan−1
(

−W√
r2s −H2−W 2

)
+1θPLA

tan−1
(√

r2s
H2 − 1

)
+1φPLA

 (16)
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TABLE 1. Direction mapping between spherical coordinates and human
shoulder (*M, medial; L, lateral; A, anterior; P, posterior; S, superior; I,
inferior direction.).

TABLE 2. Morphological data of human shoulder.

FIGURE 9. Derived conical workspace that incorporates target landmarks
when arthroscope is inserted through (a) posterior portal and (b) lateral
portal.

From (16), the signs preceding 1θPLA and 1φPLA can be
determined as listed in TABLE 1. For example, in the PP of
the left shoulder, the medial directional 1θPLA has the (+)
sign because θ of PPP is larger than π/2. The LP is located
3cm laterally away from the LA [26]. Similar to (15), if a
distance is moved in the inferior or superior direction from
the LA, lLsi, the angle1φLAmoved in the spherical coordinate
system, can be expressed as follows:

1φLA =
lLsi
rs

(17)

The location of the LP, PLP, can be expressed using (8), (10),
and (17):

PLP =


rLP

θLP

φLP

 =


rLA

θLA

φLA +1φLA



=


rs
π
2

W√
r2s −W 2

+
lLsi
rs

 (18)

FIGURE 10. (a) Maximum angle between the arthroscope and normal
vector of PP; (b) maximum translationally moved length of arthroscope
end tip from PP.

FIGURE 11. (a) Maximum angle between arthroscope and normal vector
of LP; (b) maximum translationally moved length of arthroscope end tip
from LP.

IV. WORKSPACE DERIVATION OF ARTHROSCOPE USING
MORPHOLOGICAL DATA
In this section, morphological data (TABLE 2) are substi-
tuted for the parameters of the anatomical landmarks of the
shoulder joint and portal placement, which were previously
obtained to derive the workspace of the arthroscope. By sub-
stituting both the x̄ − s and x̄ + s of the morphological data
into each parameter, the workspace of the arthroscope that
contains the shoulder joint landmarks of various patients can
be obtained (where x̄ and s represent the mean value and the
standard deviation of the morphological data, respectively).

Before arthroscopic rotator cuff repair, the surgeon con-
ducts an arthroscopic examination through the PP with an
arthroscope. Subsequently, he/she obserfves the SAS through
the LP. Therefore, the workspace of the arthroscope for each
case where the PP and LP are employed is derived.

The glenohumeral joint and periphery of the humeral head
should be observed through the PP, during an arthroscopic
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FIGURE 12. (a) Cadaveric experimental set-up for obtaining workspace of
arthroscope; (b) transformation matrices among coordinates.

examination [27]. Furthermore, when performing rotator cuff
repair, the arthroscope should observe the SAS around the
humeral head through the LP. The rotator cuff tendon is
located on the humeral head and can contract near the glenoid
when a tear occurs [28]. Therefore, the workspace of the
arthroscope should be able to contain the glenoid and humeral
head through the PP. Thus, the workspace of the arthro-
scope can be represented as a conical shape that includes the
humeral head and glenoid with the vertex point on the PP. The
conical workspace is shown in Fig. 9 (a), and the red x mark
represents the location of the PP. When substituting the x̄ − s
and x̄+s in TABLE 2 into each parameter in (1), (3), and (16),
a total of 29 workspaces can be obtained, and the maximum α
and d are presented in Fig. 10. The maximum values of α and
d are 45.3◦and 72.7 mm, respectively, which are indicated by
orange dashed lines.

The arthroscope should observe the SAS around the
humeral head through the LP when performing rotator
cuff repair. Therefore, the arthroscope should be able to
observe from the humeral head to the glenoid. Specifically,
the workspace of the arthroscope can be expressed as a coni-
cal space that contains the humeral head and glenoid and has
its vertex on the LP. The conical workspace is shown in Fig. 9
(b), and the red xmark represents the location of the LP.When
substituting the x̄ − s and x̄ + s values in Table 2 into each of
parameters (1), (3), and (18), a total of 29 workspaces can be
obtained, as shown in the previous case. The results are shown
in Fig. 11. The maximum values of α and d are 42.0◦and
71.6mm, respectively, which are indicated by orange dashed
lines.

TABLE 3 lists the maximum α and d of the workspace of
the arthroscope in the PP and LP. During arthroscopic exam-
ination and rotator cuff repair, the arthroscope will move in a

TABLE 3. Maximum α and d of conical workspace of arthroscope for
arthroscopic examination and rotator cuff repair surgery.

FIGURE 13. End tip position data of arthroscope and conical workspace
that contains the points when arthroscope is inserted through (a) PP and
(b) LP.

conical workspace with half of the vertex angle of 45.3◦ and
a slant height of 72.7mm centered on the PP location. In addi-
tion, during rotator cuff repair, the arthroscope will move in a
conical workspace with half of the vertex angle of 42.0◦ and a
slant height of 71.6mm centered on the LP location. Because
these results are calculated considering the morphological
data of various patients, the derived workspace of the arthro-
scope with the proposed method represents various shoulder
joints.

V. FEASIBILITY EVALUATION OF DERIVED WORKSPACE
To determine if the workspace of the arthroscope obtained,
as described in Section IV, was actually feasible, an experi-
ment was setup, as presented in Fig. 12 (a). One left shoul-
der of the cadaver was fixed in the beach chair posture.
The position and rotation information of the portals and
arthroscope were recorded using a 6-DOF optical tracking
device (V120: Trio, NaturalPoint, Inc. DBA OptiTrack, US)
and markers. The coordinate system of the experimental
setup was established as shown in Fig. 12 (b). Markers were
attached to the arthroscope and portal, and their 6-DOF
motions were recorded. The transformation matrices from
optical tracking device coordinate O to arthroscope marker
coordinate A0 and portal marker coordinate P0 (TOA0 , and
TOP0 , respectively) were converted to quaternions using optical
motion capture software (Motive, NaturalPoint, Inc. DBA
OptiTrack, US). In addition, the transformation matrix from
portal marker coordinate to portal location coordinate (TP0P1 )
and that from arthroscope marker coordinate to arthroscope
end tip coordinate (TA0A1 ) are described in TABLE 4. A total of
two surgeons performed arthroscopic examinations and three
surgeons performed rotator cuff repairs three times each,
using an arthroscopic camera system (SynergyUHD4 imaging
platform, ARTRHEX, USA) and arthroscopic instruments

27422 VOLUME 9, 2021



C.-K. Kim et al.: Workspace Derivation of Arthroscope Using Morphological Data and Standard Portal Placement Method

TABLE 4. Transformation matrices to portal and arthroscope coordinates
from each set of marker coordinates.

FIGURE 14. (a) α and d in time domain, (b) probability density of α and d
during arthroscopic examination through PP.

(Smith & Nephew, UK). After the 6-DOF motion of the
arthroscope was recorded, we determined whether the arthro-
scope moved within the derived conical workspace using
morphological data.

Fig. 13 shows one of the recorded data and the conical
workspace. The black points and the cone represent the
recorded end tip position of the arthroscope and the mini-
mum bounding conical workspace that contains the points,
respectively. The minimum bounding cone was derived by
modifying the minimum bounding sphere algorithm [29].

Fig. 14 (a) shows the results of measuring the movement of
the arthroscope during the arthroscopic examinations through
the PP. The horizontal axes in the plots represent the time
in seconds, and the vertical axis in the upper plot indicates
the angle between the longitudinal vector of the arthroscope
and the z-axis of the portal coordinate (α in Fig. 14 (a)). The
vertical axis of the lower plot represents the translationally
moved displacement (d in Fig. 14 (a)). The orange dashed
lines represent the maximum values of α and d . Fig. 14 (b)
displays the results of Fig. 14 (a) as a probability density
function. The blue dashed lines indicate the 95th percentiles
of α and d ; the 95% of the times the arthroscope was located
within a conical range of motion with the vertex angle α and
d . Fig. 15 (a) shows the results of measuring the movement

FIGURE 15. (a) α and d in time domain, (b) probability density of α and d
during rotator cuff repair through LP.

of the arthroscope during rotator cuff repair through the LP.
Fig. 15 (b) displays the results of Fig. 15 (a) as a probability
density function. Each axis and dashed line of Fig. 15 have
the same notations as shown in Fig. 14. The same experiment
was repeated thrice by the two surgeons for arthroscopic
examination and the three surgeons for rotator cuff repair, and
the maximum α and maximum d are presented in Fig. 16 and
Fig. 17, respectively. The 95th percentiles of α and d are pre-
sented in the figures as well. The orange dashed lines indicate
the theoretical maximum values of α and d (TABLE 3). The
circled numbers represent each operator who participated in
the experiment (e.g., 1© is surgeon 1). The distributions of the
experimental results are summarized in TABLE 5.

VI. DISCUSSION
In Fig. 10 and Fig. 11, the small teeth shape and large teeth
shape appear alternately. Because they show the results of
substituting the morphological data of TABLE 2 into (1),
(3), (16), and (18) using the ‘‘for’’ statement in the order
specified in the table (from HHD to dcg), the morphological
data affected the workspace in the same order. In the graph,
the first 256 cases are the values substituted with HHD =
45.7 − 3.2mm, and the latter 256 cases are the values sub-
stituted with HHD = 45.7 + 3.2mm. On the other hand,
the influence of dcg appears alternately for all cases. The
parameters that caused a large change in the graphwereHHD,
Gs, and Gl , that is, the morphological data that had a sub-
stantial influence on the derived workspace were the humeral
head diameter (HHD) and glenoid size (Gs and Gl), which
were directly related to the target point to be observed using
the arthroscope. The parameters that caused only a minimal
change in the graph were dcg, CP, droof , CSA, tac, and SAS.
The parameters that determine the location of the portal (dcg,
CP, droof , CSA, tac, and SAS) are those that have a minimal
effect on workspace derivation. Therefore, the workspace
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FIGURE 16. Box plot of α during (a) arthroscopic examination through PP
and (b) rotator cuff repair through LP.

FIGURE 17. Box plot of d during (a) arthroscopic examination through PP
and (b) rotator cuff repair through LP.

TABLE 5. Distribution of α and d .

of the arthroscope is largely determined by the parameters
that determine the target point to be observed through the
arthroscope, rather than the morphological parameters that
determine the location of the portal. In addition, since we
derived the workspace using the maximum value of α and
d to incorporate all of these variations, it can be considered
that the workspace that encompasses all the aforementioned
variations was derived.

During the arthroscopic examination and rotator cuff repair
of the shoulder joint of the cadaver, the arthroscope generally
moves within its theoretical workspace, as summarized in
TABLE 3 and TABLE 5. However, some of the maximum

FIGURE 18. Arthroscopic screen when (a) arthroscope is targeting
subacromial space, (b) arthroscope goes beyond theoretical workspace.

values of α when the arthroscope moves through the LP
are greater than the theoretical value as depicted in Fig. 16
(b). This finding suggests that there is motion in which the
arthroscope leaves the derived workspace, owing to the use
of various surgical tools with both hands during rotator cuff
repair. The actual α exceeds the theoretical maximum α

because the arthroscope points the upper side of the SAS
during rotator cuff repair, as shown in Fig. 18. Because the
upper side of the SAS is a spot that does not need to be
observed during rotator cuff repair, it can be excluded from
the required workspace.

It can be seen that the α value measured during rotator cuff
repair is more dispersed for each trial than other values are
(Fig. 16 (b)). Evenwhen one operator performs the same rota-
tor cuff repair several times, the vertex angle of workspace
varies considerably because the surgery is performed using
not only the arthroscope but also other surgical instruments
during the rotator cuff repair, which includes numerous
unnecessary movements. The surgeon needed more than
two hands during the rotator cuff repair; thus, there was
unnecessary movement while passing the arthroscope to the
assistant. In Fig. 16 (b), the values exceed the maximum α

value of the derived workspace (orange dashed line) due to
the unnecessary movement, thus, they are negligible. It can
be also seen that the d value measured during arthroscopic
examination through the PP is almost constant for each trial.
However, there is significant difference among the operators
(Fig. 17 (a)). Even if the same affected area is observed
in arthroscopic examination, the depth of the arthroscopic
insertion is different for each operator, because the degree
of zoom in/out desired for each operator is different even in
the same surgical situation. However, for all trials conducted
by various operators, there was no case where the actual d
value exceeded the d value of the derived workspace (orange
dashed line). Thus, the derived workspace can be considered
feasible.

The 95th percentiles in Fig. 16 and Fig. 17 indicate that
95% of the time, the arthroscope was located within a conical
workspace having the vertex angle of the α value and slant
height of the d value. Specifically, because the 95th percentile
represents the predominant location of the arthroscope, it can
be regarded as a workspace in which nonessential motion
is excluded. Because the 95th percentiles of α and d are
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smaller than the corresponding theoretical maximum values,
it is confirmed that the workspace of the arthroscope that was
previously obtained theoretically is feasible.

When using the proposed method, it is expected that there
will be errors in the formulas of the locations of the land-
marks, owing to simplification of the complex shape of the
shoulder anatomy as a simple geometric model. For example,
the humeral head and shoulder surface are assumed to be
perfect spheres, and the acromion arch is assumed to be
a complete arch. It is also assumed that the glenoid is a
perfect ellipse. The bones in the human body are not perfect
ovals or arches; thus several errors will exist in the workspace
derivation. However, these assumptions are reliable because
they have already been applied in the medical morphology
field [20]–[25], and the number of errors appears to decrease
as the sample size increases. The workspace measurement in
the cadaveric test revealed that the simplification was reliable
because the arthroscope showed its movement in the derived
workspace.

Since the arthroscope moves within a narrow affected area,
care must be taken not to injure the human tissues such as car-
tilage or ligaments. A limitation of this study is that a safety
function was not incorporated into the robotic arthroscope
manipulator (Fig. 1) to prevent human injury. This limitation
can be addressed bymeasuring or estimating the contact force
of the end effector of a surgical robot [30]–[32].

Because the proposed workspace derivation method uti-
lizes morphological measurement data, it is easy to secure a
large sample size. In this study, the measured morphological
data [20]–[25] were employed; thus, the sample size could
be at least 70 without additional time and cost. In addition,
by using x̄− s and x̄+ s for each parameter of morphological
data, it was possible to derive a workspace that can cope with
the variation of various patients. Another advantage of the
proposed method is that because a geometric model is uti-
lized, the workspace for other tasks in shoulder arthroscopy
rather than rotator cuff repair can be easily derived.

VII. CONCLUSION
In this study, we proposed a method for deriving the
workspace of an arthroscope using morphological data for
arthroscopic rotator cuff repair surgery. For simplified mod-
eling, the humeral head and shoulder surface were assumed
to be spheres, and the glenoid plane was assumed to be an
ellipse. In addition, the three-dimensional positions of the
ALA, PLA, and LA were determined using morphological
measurements. Based on these criteria, the positions of the
anterior, posterior, and lateral portals were determined using
the standard portal placement method. We obtained a conical
workspace that the arthroscope should reach through each
portal during arthroscopic examination and rotator cuff repair
surgery. For evaluation, the workspace of an arthroscope
during arthroscopic examination and rotator cuff repair was
measured through a cadaveric test and was compared with
the theoretical workspace. The derived workspace of the
arthroscope was found to be feasible.

This research proposed a theoretical workspace for arthro-
scopic examination and rotator cuff repair using morpho-
logical data of the shoulder joint. The morphological data
contained information on a wide variety of shoulder joints;
therefore, the workspace of the arthroscope that incorporates
various shoulder joints could be derived without conduct-
ing numerous experiments. Accordingly, workspace analysis
using this method will reduce the time and cost of the pre-
liminary research phase. In addition, the derived theoretical
model of the shoulder joint can be applied to derive the
workspace of the arthroscope required for various shoulder
arthroscopies as well as rotator cuff repair. Furthermore, the
model can be applied to various orthopedic fields rich in
morphological data, such as knee joints and hip joints, using
a similar method.

If the findings of this research are applied to a robotic
arthroscopemanipulator, the designs of the active robotic arm
and positioning arm can be optimized. The optimal base point
of the robotic system for reaching the workspace required
for the target procedure can also be derived. If the results
of this study are employed for path planning of a robotic
arthroscope manipulator, the path of the end effector can
be planned by defining the target point and obstacles to
be avoided. For example, using the geometric model of the
portal location, humeral head, and glenoid, the path of the
arthroscope tip can be planned to pass through the affected
area while avoiding a collision between the arthroscope and
the humeral head/glenoid.

In a future study, we will design a robotic arthroscope
manipulator optimized for the proposed workspace, as shown
in Fig. 1. We will then use this manipulator to perform
arthroscopic rotator cuff repair and verify its feasibility in
actual operation.

APPENDIX
ABBREVIATIONS
Anatomical designation Abbreviation
Radius of shoulder [mm] rs
Humeral Head Diameter [mm] HHD
Sub Acromial Space [mm] SAS
Acromion thickness [mm] tac
Major (longer) axis of glenoid [mm] Gl
Minor (shorter) axis of glenoid [mm] Gs
Critical Shoulder Angle [◦] CSA
Lateral acromial roof extension [mm] droof
Coracoid process Prominence [mm] CP
Distance between coracoid process tip
and uppermost point of glenoid [mm] dcg
Anterolateral tip of acromion ALA
Posterolateral tip of acromion PLA
Lateral tip of acromion LA
Coracoid Process Tip CPT
Anterior Portal AP
Posterior Portal PP
Lateral Portal LP
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