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Abstract We have developed a knee joint robot as an educational simulation tool
for students becoming physical therapist or occupational therapist. The knee joint
robot (Knee Robo) has two degrees-of-freedom to simulate both flexion/extension
movement and rotation movement of a human knee joint. This paper presents knee
joint models of healthy and disabled persons for the Knee Robo. The Knee Robo
can simulate skew home movement (SHM) in a human knee joint. Moreover, the
Knee Robo can simulate the knee joint movements of not only a healthy person
but also a patient with knee joint troubles, such as range of motion (ROM) trouble,
contracture, rigidity, spasticity and so on. The effectiveness of the knee joint models
and the control algorithms has been verified experimentally.

1 Introduction

In Japan the number of schools for students becoming a physical therapist (PT) or
an occupational therapist (OT) is increasing. However, several problems concerning
educational effect have been pointed out. One of them is the shortage of experience
of clinical training in medical institutions. During clinical training, the students learn
patient troubles, manual training/testing techniques and so on.

Before clinical training, in the schools the students learn manual training/testing
techniques, such as manual muscle training, manual muscle testing, range of motion
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testing and so on. In order to deepen the understanding the students play the role of
a therapist and a patient by turns mutually, and repeat the skill training of manual
training/testing techniques to a healthy student instead of a patient. However, the
students cannot experience patients’ troubles before clinical training. Therefore, a
patient robot imitating patients’ troubles is necessary for the students to experience
patient’s troubles virtually and to learn the manual training/testing techniques be-
fore clinical training. In the previous works of other research group, Masutani et
al. have developed the patient leg robot as an educational training tool for students
becoming PT or OT. By introducing the robot to the school, it is shown that the
students’ motivation went up [1]. However, the mechanism of the robot has only
one degree-of-freedom in the knee joint. This mechanism is not enough to imitate
actual troubles of knee joints. In Ref. [2] a leg-robot for demonstration of spastic
movements of brain-injured patients has been developed.

We have developed a knee joint robot as an educational simulation tool of human
knee joint movement [3,4]. The mechanism is designed on the basis of the idea
that the human knee joint movement consists of three kinds of movement, namely
”sliding”, ”rolling” and ”coming off”. We have designed the optimal arrangement
of four pulleys in the wire drive system by introducing performance indices [4].
In addition we have designed the control algorithms and the knee joint models to
imitate three kinds of human knee joint troubles by using only the flexion/extension
motion mechanism of the Knee Robo, and verified the effectiveness by fundamental
experiments.

In this paper we design knee joint models and control algorithms in which not
only the flexion/extension motion mechanism but also the rotation motion mecha-
nism of the Knee Robo are considered. The models can imitate skew home move-
ment, range of motion (ROM) trouble, lead pipe rigidity, cogwheel rigidity, spastic-
ity, contracture and so on. The effectiveness is verified experimentally.

2 Knee Joint Robot [2,3]

We have developed the knee joint robot (Knee Robo) as shown in Fig.1. The Knee
Robo is used as the simulator to feel resistance of knee joint passive movement.
Then the Knee Robo does not move automatically. Only a subject can move the
lower leg of the Knee Robo. When a subject holds the femur of the Knee Robo and
extends and retracts the lower leg of the Knee Robo, as shown in Fig.2, the subject
feels various resistance of normal and disabled knee joint movements.

A lower limb of human being consists of a femur, a lower leg and a knee joint.
Human knee joint movement consists of the flexion/extension movement and the
rotation movement. When a human being extends his/her lower leg from the bended
position to the full extended position on the seating posture, the tibia rotates outward
slightly at the vicinity of the full extended position. This movement is called skew
home movement (SHM). Therefore, students should pay attention to this movement
in manual testing and training on patients.
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Fig. 1 Knee Robo. Fig. 2 Training scene of manual test-
ing technique.

The Knee Robo consists of the link corresponding to a femur, the link corre-
sponding to a tibia, and the knee joint. The Knee Robo simulates a left leg. The
Knee Robo is three fourths of sizes compared with a standard adult male. The Knee
Robo is driven by four motors and four wires corresponding to muscles. The four
motors are used for outward rotation, inward rotation, flexion, and extension. The
motor angles are measured with the rotary encoders, and the wire tensions with the
force sensors. Four guide pulleys are used for each wire. It is noted that not guide
pulleys but guide plates are used in Fig.1. Since the Knee Robo has two degrees of
freedom, various passive movements of a human knee joint can be imitated, which
is our original and advantage.

3 Models of Knee Joint Movement

3.1 Educational effect by Knee Robo

The structure and movement of a knee joint are very complicated. By introducing
the Knee Robo to schools the improvement of the educational effects is expected.
The educational effects are as follows;

1. Students learn the structure and movement of normal and disabled knee joints.
2. Students learn the prohibited operation in leg passive movement in manual tast-

ings and trainings.
3. Student learn the manual training/testing technique for knee joint troubles.

The Knee Robo can imitate resistance of a knee joint during the passive leg
movement. In the Knee Robo, ROM trouble, lead pipe rigidity, cogwheel rigidity,
spasticity and contracture can be simulated as reproducible knee joint troubles,
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3.2 Healthy knee joint movement

The models of a healthy human knee joint movement during the passive leg
movement are derived for the Knee Robo. LetθFE(t) and θR(t) denote the flex-
ion/extension angle and the rotation angle. LetτE(t), τF(t), τOR(t) andτIR(t) denote
the extension torque, the flexion torque, the outward rotation torque and the inward
rotation torque. Letθshm(t) denote the desired rotation angle to imitate SHM. We
assume that in the full extended knee position, the flexion/extension angleθFE(t)
is equal to zero, and the rotation angleθR(t) is equal toθshmb. When the flex-
ion/extension angleθFE(t) is equal toθshm0, the rotation angleθR(t) is equal to
zero. The knee joint model of a healthy person including SHM is represented as
follows;

τE(t) = τbasic+ τg+MFEθ̈FE(t)+DEθ̇FE(t)+KE(θFEmin−θFE(t)), (1)

τF(t) = τbasic+ τg+MFEθ̈FE(t)+DF θ̇FE(t)+KF(θFE(t)−θFEmax), (2)

τOR(t) =

{
τbasic+MRθ̈R(t)+DORθ̇R(t)+KORθR(t) (θFE(t)> θshm0),

τbasic+ K̂Rshm(θshm(t)−θR(t)) (θFE(t)≤ θshm0),
(3)

τIR(t) =

{
τbasic+MRθ̈R(t)+DIRθ̇R(t)+KIRθR(t) (θFE(t)> θshm0),

τbasic+ K̂Rshm(θshm(t)−θR(t)) (θFE(t)≤ θshm0),
(4)

θshm(t) =

{
θshmb(1− 1

θshm0
θFE(t)) (θFE(t)≤ θshm0),

0 (θFE(t)> θshm0),
(5)

KE =

{
0 (θFE(t)≥ θFEmin),

KErom (θFE(t)< θFEmin),
KF =

{
0 (θFE(t)≤ θFEmax),

KFrom (θFE(t)> θFEmax),
(6)

whereτbasic is the constant wire tension for not sagging,τg is the gravitational torque
of a lower leg,(M∗,D∗,K∗) are the impedance parameters,θFEminandθFEmaxare the
minimum and maximum values of the ROM,θshm0 is the starting flexion/extension
angle of SHM,θshmb is the maximum value of the rotational angle by SHM, and
K̂Rshm is the proportional control gain. WhenθFE(t) ≤ θshm0, proportional angle
control is used so that the rotation angleθR(t) becomes the desired rotation angle
θshm(t) as shown in the upper equations of Eqs.(3) and (4). WhenθFE(t) > θshm0,
impedance control is used to realize the desired outer and inner rotation torques as
shown in the lower equations of Eqs.(3) and (4).

3.3 Disabled knee joint movement

In order to imitate troubles in a knee joint in the Knee Robo, we modify the
impedance parameters and the parameters of ROM in Eqs.(1)-(6).
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3.3.1 Range of motion trouble

In hospitals, therapists perform range of motion (ROM) testing on patients. The
patient with the ROM trouble in his/her knee joint can move his/her lower leg only
in the limited range. When the therapist moves the patients lower leg, the therapist
feels resistance at the end of patient’s ROM. The resistance is called end feel, which
is very important for a therapist in the ROM testing. When the ROM for flexion is 0
to θrom, the ROM trouble can be imitated in the Knee Robo by replacingθFEmin and
θFEmaxwith 0 andθrom, respectively.

3.3.2 Lead pipe rigidity and cogwheel rigidity

Rigidity and spasticity are troubles of knee joints caused by disorder of the central
nervous system. In both troubles, when the therapist moves the patient’s lower leg,
the therapist feels resistance of a knee joint during the passive leg movement. There
are two types of rigidity, namely lead pipe rigidity and cogwheel rigidity. In this
paper we assume that rigidity occurs only during passive flexion.

In the case of lead pipe rigidity the resistance force is constant during the passive
leg movement. In order to generate a constant torqueτrig the damping coefficient
DE in Eq.(1) is replaced with the following equation;

DE =


τrig

θ̇FE(t)
(θ̇FE(t)≥ vrig),

0 (θ̇FE(t)< vrig),
(7)

wherevrig is the threshold value, which is introduced so as to avoid division by zero.
In the case of cogwheel rigidity, the resistance force is generated intermittently

during the passive leg movement. The damping coefficient of cogwheel rigidity is
denoted by multiplying the damping coefficient of lead pipe rigidity of Eq.(7) and
a square wave functionX(θFE(t)) depending on the flexion/extension angle as fol-
lows;

DE =


τrig

θ̇FE(t)
X (θFE(t)) (θ̇FE(t)≥ vrig),

0 (θ̇FE(t)< vrig),
(8)

X (θFE) =

{
1 (nθgr ≤ θFE(t)≤ nθgr +∆θgr)
0 ((nθgr +∆θgr < θFE(t)≤ (n+1)θgr)

(n= 0,1,2, · · · ,N), (9)

whereθgr and∆θgr are the parameters of the square wave function.

3.3.3 Spasticity

In the case of spasticity the resistance force depends on the flexion/extension angu-
lar velocity of a knee joint. In order to generate the resistance force for spasticity
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the damping coefficientDE in Eq.(1) is adjusted. Moreover clasp-knife spasticity
is caused by rigidity of the extensor muscles of a knee joint. At the beginning of
the passive flexion of the patient with clasp-knife spasticity, a therapist feels resis-
tance. During the passive flexion a therapist does not feel resistance suddenly. This
implies that the knee joint gives resistance to passive flexion, but suddenly does not
give resistance and allows easy flexion. It is assumed that clasp-knife spasticity oc-
curs whenθFE(t) = θck. Then in order to imitate clasp-knife spasticity the damping
coefficient in Eq.(1) is replaced with the following equation;

DE =

{
Dspa (θ̇FE(t)≥ 0,θFE(t)< θck),

0 (else),
(10)

whereDspa is the damping coefficient for spasticity.

3.3.4 Contracture

Contracture is one kind of troubles in knee joints. A patient suffers from contracture
when the patient does not move his/her body after onset of the disease, such as
cerebral apoplexy. Then it will become harder to move his/her body. In hospitals
therapists perform a stretching program for a patient with contracture. The therapist
rotates the lower leg outward and inward repeatedly, and then retracts the lower leg.
The Knee Robo can imitate such passive movement.

4 Experiments

The basic experiments are performed to verify the effectiveness of the proposed
knee joint models of healthy and disabled persons. In order to imitate resistance of
a knee joint during passive leg movement, impedance control is applied to the Knee
Robo as shown in Fig. 3. The desired knee joint torques for impedance control are
calculated by using the knee joint torques of Eqs.(1) - (4). The parameters of the
proposed models are determined from the therapists’ opinion in the demonstration
of the Knee Robo.

4.1 Knee joint movement of healthy person

In order to imitate knee joint movement of healthy person we use the parameters as
follows; θshmb=4deg，θshm0 =10deg. The experimental results are shown in Fig.4.
It is seen that the rotation movement due to SHM is realized in the robot.
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Fig. 3 Block diagram of control system of Knee Robo.
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Fig. 4 Experimental results of imitation of knee joint movement of healthy person

4.2 Knee joint movement of range of motion trouble

In order to imitate range of motion trouble we use the parameters as follows;
θrom= 45π/180rad (=45deg) andKErom=0.2Nm/rad. Two kinds of end-feel are im-
itated at the end of ROM by usingKFrom=0.1Nm/rad andKFrom=0.01Nm/rad. The
simulation results are shown in Fig. 5. It is seen in the case ofKFrom=0.1Nm/rad in
Fig. 5 that the knee joint angle is held about 45deg, although the knee joint torque
is increasing by external human force.

4.3 Knee joint movement of lead pipe rigidity and cogwheel rigidity

In order to imitate lead pipe rigidity and cogwheel rigidity we use the parameters
as follows;τrig=0.08Nm,θgr = 7deg and∆θgr =2deg. The imitation of cogwheel



8 Authors Suppressed Due to Excessive Length

KFMrom=0.01

KFMrom=0.1

Time [sec]

F
le

x
io

n
/e

x
te

n
s
io

n
 a

n
g

le
 [
ra

d
] KFMrom=0.01

KFMrom=0.1

Time [sec]

F
le

x
io

n
/e

x
te

n
s
io

n
 t
o

rq
u

e
e

 [
N

m
]

Fig. 5 Experimental results of imitation of ROM trouble
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Fig. 6 Experimental results of imitation of cogwheel rigidity

rigidity is shown in Fig.6. The periodical torque is seen during the passive leg move-
ment.

4.4 Knee joint movement of clasp-knife spasticity

In order to imitate clasp-knife spasticity we use the parameters as follows;θrom =
90π/180rad(=90deg) andθck = 45π/180rad(=45deg). The imitation of clasp-knife
spasticity is shown in Fig.7. When the knee joint angle is less than 45deg, the knee
joint torque is generated. This implies that the subject feels resistance. After 45deg
the knee joint torque is decreasing, although the knee joint angle increases. This
implies that the subject does not feel resistance. It is seen from Fig.7 that clasp-
knife spasticity is imitated in the Knee Robo.
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Fig. 7 Experimental results of imitation of clasp-knife spasticity
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Fig. 8 Experimental results of imitation of training for contracture

4.5 Knee joint movement during training for contracture

A subject can experience training for contracture by using the Knee Robo. In the
training for contracture there are traction treatment and repetitive movement treat-
ment. In this paper the repetitive movement treatment is imitated. In general after
repetitive movement treatment the ROM becomes larger. For this purpose the ROM
which is improved by repetitive movement treatment is modeled by the following
equation;

θFEmax(t) = θrom init +Krom train

∫ t

0
|θ̇FE(t)|dt. (11)

θFEmax(t) increases according to the repetitive passive movement of the lower leg.
θrom init =15deg andKrom train=0.5 are used in the Knee Robo. The imitation results
of the training for contracture are shown in Fig.8. It is shown that the ROM is 15deg
at the beginning of the treatment, and the ROM becomes larger, namely about 30deg,
after the treatment by the subject.
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5 Conclusions

We have proposed knee joint models of healthy and disabled persons on the basis
of flexion/extension movement and rotation movement. These models can imitate
the human knee joint movements, namely SHM, range of motion trouble, lead pipe
rigidity, cogwheel rigidity, clasp-knife spasticity and contracture. Consequently, it
was found from the fundamental experiments that the Knee Robo enable us to learn
the knee joint movement of healthy and disabled persons by feeling resistance of a
knee joint.

The future works are to introduce the Knee Robo to PT/OT training schools,
and to improve the knee joint models and the control algorithms on the basis of the
opinions from therapists, educational staffs and students.

This research receives support of grants-in-aid for scientific research (base re-
search (C) 205200480)
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