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Conceptualization of an exoskeleton Continuous
Passive Motion(CPM) device using a link structure
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Abstract—This study is about developing an exoskeleton
Continuous Passive Motion (CPM) with the same Range of
Motion (ROM) and instant center of rotation as the human knee.
The key feature in constructing a CPM is an accurate alignment
with the human knee joint enabling it to deliver the same
movements as the actual body on the CPM. In this research, we
proposed an exoskeleton knee joint through Kkinematic
interpretation, measured the knee joint torque generated while
using a CPM and applied it to the device. Thus, this new
exoskeleton type CPM will allow precise alignment with the
human knee joint, and follow the same ROM as the human knee
in any position.

Keywords-component; Continuous Passvie motion(CPM); Knee
joint; Exoskeleton; Total Knee Arthroplasty(TKA); Rehabilitation;
Range of Motion(ROM)

I. INTRODUCTION

Continuous Passive Motion (CPM) is a knee rehabilitation
device used to recover the range of motion (ROM) or to lessen
edema and swelling of the knee following surgeries associated
with knee joint diseases like knee replacement arthroplasty or
reconstruction of the cruciate ligament. This manual motion
device is a manual rehabilitation physical exercise device by
helping the joints move gradually, therefore recovering the
ROM of the knee.

Salter initially defined this kind of manual rehabilitation
exercise, reporting that the immobilization treatment was
injurious to the joints and therefore moving the joints
occasionally was more effective[1]. There have been many
different opinions regarding the CPM treatment since then.
According to the comparison study between groups receiving
physical modalities and CPM treatment, there were not any
notable ROM changes or differences in pain[2]. There was a
difference 2 weeks after the surgery for the group which
received CPM treatment regarding ROM recovery, but there
was not an eminent distinction with the physical modalities
after the 2 weeks. These manual joint exercise devices were
only different in their approach method compared with the
immobilization treatment[3]. Nevertheless, even though it was
only for a short period of time, CPM treatment pathologically
minimized the stiffness in the joints compared to the
immobilization method. The pathological CPM treatment
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repeats flexion and extension exercises manually in order to
promote the circulation of the blood and maximize the
rehabilitation process in a short period of time. This process
helps minimize hemiarthrosis and periarticular edema around
the joints after external injury and surgery of the knee[4]. On
account of this, using the CPM method decreases the number
of times visiting hospitals and thus continues to rise in its
usage. The existing CPM device intends to follow the exact
ROM of the human body, but according to the previous reports,
it does not succeed. The previous studies compared the ROM
of the knee with the CPM using motion capture devices and
electrogoniometers. In the study comparing ROMs of 4 CPM
devices and that of the actual knee using motion capture
devices showed that the actual ROM was shorter than those of
the CPM devices, and the alignment of the human body and the
CPM was not accurate, resulting in error. The study using
eletrogoniometers was to figure out the correlation between the
angle of a bed and the human knee ROM. Since CPM devices
are used mostly in bed, the experiments were carried out under
the same conditions, while changing the angles of the beds.
Differences in angles brought out differences in the hip joint
angles which affected on the ROM of the knee. From these two
studies, we can conclude that the accurate alignment between
the knee joint and the CPM joint, and the identical ROM
embodiment of the human knee are the most important
requirements for knee rehabilitation[5-6].

In this study, we have analyzed the kinematic joint
movements of the knee and the CPM using the four-bar linkage
structure. This is then applied to the designing of the CPM
knee joint with a ROM similar to that of a human knee. In
addition, we estimated the torque needed to put the CPM in
motion based on the human body measurements. Also, we have
calculated the torque of the human knee joint and
conceptualized the CPM and the simulation of it through
experiments. We have used the linear actuator to put the CPM
in motion which had an advantage over rotary motors that took
up much space around the axis and also space between the legs,
causing the user to be in an uncomfortable position. This
allowed the users to utilize the device in various positions.

II.  HUMAN KNEE MODEL

A. The Linkage Structure of Human Knee Joint
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Figure 1. Schematic illustration of Knee joint motion.
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Figure 2. The diagram of the four-bar linkage ABCD is superimposed,
representing the Anterior(AB) and Posterior(CD) cruciate ligaments, the
Femur(CB) and Tibial(AD) rigid bond links. I represents the instantaneous
centre of flexion[8].

The human knee joint is composed of a medial tibiofemoral
joint, lateral tibiofemoral joint, and a patellar. It flexes and
extends from the sagittal plane, and rotates internally and
externally in the horizontal place. We only focused on flexion
and extension on the sagittal plane excluding internal rotation
and external rotations. Shown in Fig.1, flexion and extension in
the knee are not fixed on the medial and lateral axes, but rather
generated in a rolling and sliding manner on the femoral
condyle. This pathway is called evolute or instant center of
rotation which biomechanically changes the length of the
internal moment arm[7]. This knee structure can be presented
as a four-bar linkage model in the sagittal plane which enables
the analysis of the changes in the instant center of rotation and
the ROM of the femur and tibia.

Fig.2 is a four-bar linkage model of the human knee
cruciate ligament, AB being the anterior cruciate ligament
(ACL), CD being the posterior cruciate ligament (PCL). AD
and BC is a link structure between tibia and femur, and the
angle between the tibia link and the femur link indicates the
angle of the knee joint. Instant center of rotation of the knee is
strong index. The instant center of rotation is an important
index that presents the knee motion. The knee angle and the
center of rotation is changed simultaneously, and these
positioning change makes trajectory of ICR in knee. These ICR
is consisting of ACL and PCL, also the cross point of the
ligaments is ICR 1. When it is looked on the horizontal plane, It
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Figure 3. Knee joint of “Screw-home” motion.
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Figure 4. Configuration of the center of mass of the lower leg.

is formed at the center of the human joint. However, as shown
in Fig.3, because of the different circular shape between medial
and lateral condyles, it makes each different trajectory. In the
medial condyle, the rotation of “screw-home’ appears, Screw-
home is influenced by the shape of the medial condyle, the
passive tension at ACL, and external traction of quadriceps
femoris. As a result, the external rotation appears when the
knee joint is in full extension[11-12]. As mentioned above,
however, only the flexion and extension on the sagittal plane
were considered in this study. The exercises other than flexion
and extension were excluded to ensure mental and physical
calmness of the patient because this training was conducted for
rehabilitation and for the patient to adapt to the artificial joint
after its insertion. Therefore, this can somewhat differ from the
actual motions on the knee joint. Unnecessary rotation on the
knee can also cause secondary damage[13].

In this research, we predicted the changes of the instant
center of rotation and estimated the ROM through the four-bar
linkage structure, applying it to the designing of the CPM
joints.

B. A Leg Model to Calculate the Knee Joint Torque

The CPM to be developed will be universal, and not be
customized. The statistical human measurement data were used
to select the actuator.

We have collected data from 11 musculotendinous units for
the knee model used in this study and composed the
geometrical leg model based on cadaver data. Fig.4 is a human
body model 175 centimeters in height, 746N in weight and
shows the length, mass, and center of mass of each part in a

1025



sagittal plane[9]. To compute the moment of the knee joint, we
calculated the location of the center of mass of the lower leg
which leads to the moment of the lower leg .

Supposed that the segment 1 is shank and the segment 2 as
foot, each moment arm about the center of mass belong to the
segment 1 and 2 can be x; and x,; the mass of each segment is
W, and W,. According to the conventional calculation method
about the moment of force, the center of mass point can be
derived by the equation (1). So as to explore the critical design
requirement of the proposed system, the minimum nominal
torque can be estimated through the equation (2).

xc — x1WI +x2VV; (1)
W,
MO = (VVI + VVZ)xc‘g (2)

III. CONCEPTUAL DESIGN

A. Designing the CPM Exoskeleton Knee Joint

We collected cadaver knee joint data to design a ROM
identical to the human knee[8]. The CPM moves in a way that
tibia flexes and extends against the femur in the sagittal plane.
We ignored the screw-home rotational movement in the knee
joint and designed it in a two-dimensional plane. Fig.5 is a
knee joint using the CPM four-bar linkage structure in which /,
represents the anterior cruciate ligament, /, represents the
posterior cruciate ligament, /; and /; represents the adhesive
points of the femur and tibia. We have designed the
exoskeleton CPM knee joint taking into consideration that the
human knee joint is endoskeleton. Through using the suggested
method form from Walker et al. (1985) model, the design
parameters for the exoskeleton model were determined[14-16],
therefore equations (3) and (4) are derived. [mm]

L+L, =L,+L, 3)
’ N cos@, —siné, || ¢,

0 sing, cosé@, || 0 @)
_|cosf, —sing, ||/, N cosd; —siné, ||/,
- cosd, || O sinf;, cosé, || 0

sin @,

These kind of four-bar linkages have the most similar ROM
to the human body, whereas monocentric and polycentric
hinges which are widely used in orthotics tend to differ in
alignment with the human body greatly as the bent angle
increases[10].

Therefore, we have targeted in constructing a CPM knee
joint similar to that of the human body using the four-bar
linkages, and Fig.6 illustrates the ROM of the human body
joints based on the human knee data. We have designed the
exoskeleton knee joint model on the basis of this, as the ROM
of the four-bar link is shown in Fig.7. Considering the scale
difference due to the endoskeleton and exoskeleton structural

differences, Fig.6 and Fig.7 demonstrates that these two joint
models have a similar trajectory.

/il

Figure 5. Knee joint desinged by using four-bar linkage.

Figure 6. ROM of the human knee joint by four-bar linkages.

¥ [ram]

Figure 7. ROM of the exoskeleton CPM joint.
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B.  Designing the CPM Driving Mechanism

The position of the actuator was first considered to select
the actuator for knee rehabilitation, and the actuator was
selected considering the load that influences the knee
rehabilitation and the posture that limits the ROM. We used the
linear actuator to operate the CPM exoskeleton knee joint. The
range of motion was from -45 degrees to 95 degrees which is
the same as the human knee joint[7]. However, a mechanical
problem arises since it is difficult to embody an ROM of -45 to
95 degrees with a short 100 millimeter stroke. Therefore, we
designed the device as a synthesis of mechanical linkage
between the CPM exoskeleton knee joint and the linear
actuator to solve this problem. Fig.9 illustrates the entire body
of the CPM control link structure. Input is delivered to the
control links through the linear actuator while output is
produced in the form of back-and-forth motion by rotating /s.
The link structure can be divided into two main parts. One
being the upper part, comprised of four-bar linkage system as
seen on Fig.10, and modeled as equations (5) and (6).

L,+L,=L,+1, 5)
0,72 N cos@, —sind, ||l
I sing, cosf, || 0 ©)
_|cosl, —smnd, ||/, . cos@, —sinb, ||/,
| sin 6, cos6, || 0 sing, cos@;, || 0

The other, lower part as seen on Fig.11 is a composition of
exoskeleton CPM knee joint and four-bar linkages. 6,6, 6 can
be derived from equation (6) by the input force transmitted
through the linear actuator. &,6, on the CPM exoskeleton knee
joint can be derived from equation (4). Therefore, by getting 65
from equations (7) and (8), we are able to calculate the ROM
of the CPM.

L,+L/2+L =L +L +L, (7)
cos@, —sind, ||, N cos@, —sin6, || (/2
sing, cosd, || 0 sin€, cos6, 0
N cos@, —sinb; ||/, (8)
sing; cosé; || 0

K2 N cos@, —sinb; ||/, N cos@, —sinéd, || ¢,
B sing, cos@, || 0 sin@, cos@, || 0

IV. EXPERIMENT AND SIMULATION

In this study, we have suggested an exoskeleton structure
combined with links and determined the torque to run the
device to create the equal alignment and the identical ROM as

the human knee. To select actuators that can drive proposed
model. We measured torque occurring in knee joint.

Output

Knee joint

Figure 8. Structure of the CPM linkage.

Inpt = 6,

Upper Part

Figure 9. Upper linkage structure of the CPM driving mechanism.
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Figure 10. Lower linkage structure of the CPM driving mechanism.
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A. Measuring the Human Knee Joint Torque using Muscular
Power Measuring Apparatus

From the sagittal plane, the knee flexes and extends. These
two movements were analyzed with a muscular strength
measuring apparatus Kin-Com in the Fig.11 to evaluate the
knee joint torque. The subjects of the experiment were 13
healthy men with an average age of 28.4, average weight 76kg,
average height 173.2 cm which were similar to the human body
data. This experiment was set on a passive isokinetic mode,
under a velocity of 10 RPM and performed 5 sets of 10 times.
The force measured by the load sell fixed on the Kin-Com arm
was multiplied to the Moment arm which leads to the torque of
the knee joint. The highest torque was 22.40Nm as seen on
Fig.13. The average of the highest torques among the subjects
was 14.45Nm, the lowest torque was recorded at 8.55Nm. The
CPM can be used by the aged who underwent the knee
replacement arthroplasty because of osteoarthritis. The actuator
was finally selected considering the users and safety factor.
The actuator of CPM is typically driven at a speed of 10 RPM
or less, and it was considered in this study. A low speed is used
for the CPM to ensure mental calmness of the user and prevent
secondary damage after operation. An unnecessarily high speed
may cause discomfort and strong pain to the user[3-4].

Angle [Degree]

L I I i
200 -1500 -1000 500 0 S0

Tourgue [New)]

Figure 12. The highest torque value through the Kin-Com experiment.
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B.  Measuring the ROM using a Linear Actuator

Through experiments, we have calculated the torque needed
to drive the CPM. On the basis of this, we have determined the
force of the linear actuator and designed the CPM as seen on
Fig. 13. We designed the CPM by 3D design tool Solidworks
and used the Recurdyn to figure out the movements of the links
and the differences in angle followed by the stroke changes of
the linear actuator. Fig.14 shows the angles in /s when the
linear actuator is set in motion. It demonstrates the same ROM
as the human body. Fig.15 shows the angle differences of the 4
links under a same condition. In order for /5 to rotate 140
degrees, the first link(/y) has to rotate about 30 degrees. Stroke
were limited because a linear actuator was used, but the ROM
that was the same as that of the knee joint was realized using
the link combination structure. The link structure amplifies the

relative angle between the input and output angles to produce a
gain.

140
-
+
120 P
s

— P
¥ -
T + 4(
=) «*
a pp»
[ i 1
K o
3 e Mg
3 |

) &%

L g
» +
20 St
,
*
0 & i i i i i i i i
0 10 20 0 40 0 &0 70 a0
Swoke [mum]

Figure 14. The angle changes follwing the linear actuator stroke change.
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Figure 15. The angle changes on each links following the linear actuator
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V. RESULT

In this study, we developed a CPM exoskeleton knee joint
with the same instant center of rotation trajectory as the human
body, and designed the links so as to follow the same ROM as
the human knee. This linkage system produced a big movement
even with a slight stroke change made by the linear actuator. In
fact, as a result of the simulation, 85mm stroke displacement
was needed to attain a ROM ranging from -45 degrees to 95
degrees. Also, to estimate the torque generated on the human
knee joint when the lower leg undergoes a passive exercise, we
measured the torque from the human body data, collected the
simulation results wearing the exoskeleton device, and
evaluated the actual torque of human body with a muscular
strength measuring device. We determined the spec of the
linear actuator from this torque, and confirmed in the
simulation that the links move in the same angles as the ROM
of the human knee.

VI. CONCLUSION

In this research, we solved the difficulties such as the
discordance between the existing CPM joints and the human
body joints, and the evidently small ROM in existing CPM
devices. Also, we designed the exoskeleton type CPM to
benefit the wearer. Based on the theoretical and experimental
results of this study, we designed the exoskeleton knee joint
and proved that the composition of the driving and subordinate
links has the similar ROM to that of the human body knee
joints.
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