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Admittance Control of Four-link Bionic Knee Exoskeleton with Inertia Compensation 
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Abstract: This paper proposes a control algorithm based on the admittance principle for the motion of the four-link bionic knee exoskeleton. Firstly, the interaction between 
the operator and the exoskeleton was converted into the desired trajectory of the exoskeleton. Then, the inertia compensation is achieved in light of the admittance features 
of exoskeleton movement. Finally, the validity of the admittance control method for four-link bionic knee was confirmed through simulation experiment. The simulation results 
show that the relative error of the joint angle between the operator and the exoskeleton was less than 5% at normal swinging frequency, and the interaction force between 
the manipulator and the exoskeleton was within ±0.5 N. The research findings lay a theoretical basis for practical application of exoskeletons. 
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1 INTRODUCTION 
 

Recent years have seen the proliferation of 
exoskeletons in military, medical aid and disability 
rehabilitation, etc. As a bionic mechanical system, the 
exoskeleton can assist human movement by enhancing the 
operator's limb strength, making it more energy-efficient to 
move articulations. With the aid of exoskeleton, it is 
possible for a disabled operator to achieve normal 
movement [1-3]. The key to exoskeleton operation lies in 
the operator's manipulation of the tool and the coordinated 
movement between the operator and the tool.  

Most of exoskeletons adopt a unilateral knee, i.e. a 
knee with only one degree of freedom (DOF), despite the 
complex motions of human knee, namely, rolling and 
sliding [4-6]. After all, the unilateral knee is much simpler 
and easier to achieve precise control than the four-link 
bionic knee. However, many scholars [7, 8] found that the 
unilateral knee cannot simulate the instantaneous changes 
in human knee movement, and may cause gait difference 
between the operator and the tool. 

Many new exoskeletons have been developed to solve 
the above problem. For example, the University of 
California, Berkeley designed a unilateral knee 
exoskeleton controlled by sensitivity amplification [9, 10]. 
Based on the exoskeleton dynamics model, the control 
method can capture and magnify the operator's intention, 
such that the exoskeleton can move coordinately with the 
operator. Japan's Tsukuba University put forward the 
Hybrid Assistive Limb (HAL). The exoskeleton relies on 
the electromyogram (EMG) signals to identify the 
operator's intention, recognize the joint torque, and realize 
coordination with the operator's movement [11, 12]. 
However, the detection of EMG signals brings new 
problems like wear, noise and interference.  

Northwestern University tested the control of 
unilateral knee exoskeleton mechanical leg based on 
admittance principle, revealing that the admittance control 
can effectively increase the flexibility of the exoskeleton 
mechanical leg [13]. Extended from impedance control, the 
admittance control is achieved through a force outer ring 
and a position inner loop [14]. In this method, the operator-
tool interaction is transformed into the desired trajectory of 
the exoskeleton by the admittance model. 

Currently, the exoskeleton is only suitable for people 
with both legs, which cannot meet the needs of above-knee 

amputees to realize both daily walking and assisted 
walking functions. In this paper, an asymmetric 
exoskeleton for above-knee amputees is presented and the 
admittance control study of its four-link bionic knee is 
focused, which is more complex and harder to control than 
the uniaxial knee. In addition, the center of instantaneous 
change of the target exoskeleton exhibits as a J-shaped 
curve [15, 16]. Specifically, the admittance model for the 
four-link bionic knee was established by the equivalent 
method, and used to transform the operator-tool interaction 
into the desired trajectory of the exoskeleton. Then, the 
validity of the admittance control method for four-link 
bionic knee was confirmed through simulation experiment, 
laying a theoretical basis for practical application. 
 
2 DESIGN OF FOUR-LINK BIONIC KNEE EXOSKELETON 
 

 
Figure 1 The components of the exoskeleton 

 
As shown in Fig. 1, the proposed asymmetric 

exoskeleton consists of the lumbar support, hip joint, thigh, 
bionic knee, calf and ankle joint. The left leg is an 
exoskeleton mechanical leg worn on the healthy leg of the 
amputees. The right leg is an assisted lower limb prosthesis 
composed of intelligent lower limb prosthesis and 
exoskeleton mechanical leg, which is connected to the 
stump of the disabled thigh through the prosthetic receiving 
cavity. The assisted lower limb prosthesis is designed as 
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detachable components. Intelligent lower limb prosthesis 
and exoskeleton mechanical legs achieve mechanical 
integration through the upper knee connector. In the 
assisted walking mode, the knee joint of assisted lower 
limb prosthesis is actively driven by electric motor. In the 
daily walking mode, the assisted lower limb prosthesis can 
be used alone as the intelligent lower limb prosthesis after 
the exoskeleton structure is removed, and it is semi-active 
driven by the magnetorheological damper. The thigh and 
calf length can be adjusted to suit different groups of 
people. 
 

Thight 
bone

00300

1200

ICR

 
a) ICR of human knee joint          b) ICR of four-bar bionic knee joint 

Figure 2 ICR of human knee joint and four-bar bionic knee joint 
 

As shown in Fig. 2, the knee movement of human is 
rather complicated, involving both rolling and sliding. The 
curve of the instantaneous center of rotation (ICR) of 
human knee joint is similar to J-shaped curve. According 
to the principle of knee movement, the four-link bionic 
knee exoskeleton was designed, such that the exoskeleton 
has the same center of instantaneous rotation as the actual 
knee [17].  
 

 
Figure 3 The structure of the exoskeleton mechanical leg with the four-link 

bionic knee 
 

 
Figure 4 The hip joint of the exoskeleton 

The structure of exoskeleton mechanical leg with the 
four-link bionic knee is illustrated in Fig. 3. It can be seen 
that the exoskeleton is powered by a servo motor, while 
speed reduction and torque amplification are realized by 
harmonic reducer. For real-time detection of torque, the 
torque sensor is installed on the driving shaft of the knee. 
As shown in Fig. 4, the hip joint was designed for flexion, 
extension, adduction and abduction with two DOFs. 
 
3 ADMITTANCE CONTROL SYSTEM 
 

Derived from mechanical impedance, the admittance 
theory is an equivalent network idea based on generalized 
inertia, damping and stiffness. In this theory, the 
relationship between force and response speed is 
constructed by comparing the actual physical system to an 
input and output system with admittance (impedance) 
features [18].  
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Figure 5 The operator-tool model (p: operator-tool coupling point; s: torque 

detection point on the driving shaft) 
 

Fig. 5 shows the simplified operator-tool model of the 
operator's legs and the mechanical legs of the exoskeleton. 
Under the admittance controller, the mechanical leg moves 
according to the virtual admittance model below: 
 

d
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              (1) 

 
where, d

eI is the inertia moment; d
eb  is the damping 

coefficient; d
ek is the stiffness coefficient. The impedance 

of the exoskeleton can be expressed as: 
 

2
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The admittance control system of the four-link bionic 

knee exoskeleton is illustrated in Fig. 6. Obviously, the 
system encompasses an admittance controller and an 
inertial compensator. The former is further composed of an 
admittance model and a linear quadratic (LQ) trajectory 
tracking controller. 
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Figure 6 The admittance control system 

 
In the state space, the admittance model in Eq. (1) can 

be expressed as: 
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where, θ is the angle of the mechanical leg relative to the 
vertical direction; ξ is the angle integral used to reduce the 
steady-state tracking error; τn is the input of the admittance 
model, i.e. the sum of the torque τs detected by the sensor 
and the feedback torque from the inertia compensator. The 
above control system can be described as: 
 

d d
e e nq F G τ= +q                            (4) 

 

where, q is the state space vector 
T

θ θ ξ =  q  . 
In the control process, the reference trajectory qref(t) is 

generated by numerical integration, and a closed loop 
system is formed with the LQ controller. In addition, the 
motion information can be derived from the motor rotation 
angle measured by the emulated encoder, while the state 
trajectory can be estimated by the state observer composed 
of the Kalman filter. The coefficient of determination R2 
was introduced to evaluate the fidelity of trajectory 
tracking [19]. For the 2 Hz sine wave tracking, the fidelity 
was estimated as 99.3%, indicating that the controller can 
track the motion of the mechanical leg in an accurate 
manner. 
 
4 ADMITTANCE CONTROLLER AND INERTIA 

COMPENSATION 
4.1 Admittance Controller 

 
The admittance controller needs to cover the original 

admittance (impedance) features of the mechanical leg 
[20]. Let ke and be be the gravity effect and the damping 
effect, respectively. The two effects can be eliminated by 
making kd = −ke and be = −be. 

Fig. 7 presents the simplified operator-tool coupling 
model, in which the mechanical leg is driven by the output 
shaft of the motor via the gear. In the figure, Im, Is and Ie 
are the inertia moments of the output shaft of the motor, the 
exoskeleton driving system, and between the gear and the 
torque sensor, respectively. The Im and Is are coupled by a 
spring with the elasticity coefficient of kc and a damper 
with the damping coefficient of bc. The torque sensor is 
installed at point s, the coupling point between Is and the 
inertia moments of the mechanical and human legs. 
Moreover, τh is the kinematic torque of human leg, τm is the 
driving torque of exoskeleton, and τs is the torque measured 
by torque sensor; θm and θs are respectively the output shaft 
angle of the motor and the output angle of the mechanical 
leg. 
 

 
Figure 7 The simplified operator-tool coupling model 

 
In light of Fig. 7, the linear motion equation of the 

exoskeleton driving system can be expressed as: 
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The relationship between the input torque and the 

output speed of the mechanical leg can be described as: 
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The admittance model of the driving system can be 

derived as: 
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The proportional control law for speed tracking can be 

written as: 
 

( ) ( )d
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In closed-loop control, the admittance model of the 

driving system can be depicted as: 
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The minimum admittance controller with inertia 

compensation is presented in Fig. 8, where the load (Ih + Ie) 
is the total load of mechanical and human legs; Hi(s) is the 
inertial compensator. 
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Figure 8 Simplified admittance controller with inertia compensation 
 
The load acting on the driving system can be computed 

as: 
 

( )eload h sZ I I+=                               (10) 
 
The admittance of the muscles' toque τh under the 

coupling between mechanical and human legs can be given 
by: 
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4.2 INERTIA COMPENSATION 

 
After wearing exoskeleton, the operator will be less 

flexible in leg movement, owing to the weight of the 
exoskeleton, the friction and inertia [21]. To ensure the 
flexibility, the exoskeleton weight and friction can be 
compensated by the controller, while the inertia can only 
be compensated for by proper parameter setting. 

To begin with, the angular acceleration should be 
obtained from the differential angular speed of the 
mechanical leg, and the cut off frequency be controlled to 
the normal swing frequency of human leg by the low-pass 

filter and multiplied by a gain coefficient ω0. The transfer 
function of analog inertial compensator can be defined as: 
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The admittance model is employed to offset the 

damping and weight of the exoskeleton. When Ic = 0, the 
inertia felt by the operator equals the total inertia of the 
mechanical leg and the driving system. In theory, the total 
inertia moment of the tool should be offset before the 
operator's inertia moment: 
 

c h e( 1 (0)   1)I I I αα <− <= −                 (13) 
 
The linear second-order impedance models of the 

human leg and the mechanical leg can be respectively 
defined as: 
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In our four-link bionic knee exoskeleton, the bionic 

knee can simulate the movement of the human knee 
accurately with its special structure. Since the inertial 
moment of the calf changes instantaneously with the knee, 
the inertia compensation should restore the original inertia 
precisely. Thus, it is necessary to obtain the change of the 
inertia of the entire calf with the knee angle. 
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Figure 9 Simplified structure of four-link knee 

 
To acquire the equivalent inertia moment of four-link 

bionic knee, the four-link knee structure was simplified 
(Fig. 9), and examined with the following theories on the 
kinetic energy of particle system, the kinematic energy of 
rigid body around rotating shaft, and the plane motion of 
rigid body [22-24]. In this way, the inertia moment of the 
1DOF planar four-link system can be obtained equivalent 
to the prime mover. The equivalent inertia moment of the 
four-link bionic knee can be expressed as: 
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where, J1 is the inertia moment of link OD to point O; J2 is 
the inertia moment of link CD to mass center M; J3 is the 
inertia moment of link BC to point B. 
 

 
Figure 10 Inertia moment variation of mechanical leg 

 
Fig. 10 shows how the inertia moment of the 

mechanical leg changes as the knee rotates within −1° 
around its driving shaft. Obviously, the inertia moment of 
the mechanical leg always changes instantaneously with 
the knee angle, and peaks at 0.146 kgm2 when the angle of 
the driving shaft of the knee is 0.37°. 
 
5 SIMULATION VERIFICATION 
 

To validate the admittance control algorithm, i.e. 
admittance control with inertia compensation, the human 
leg parameters of an operator (height: 175 cm; weight: 70 
kg) were computed by the method in the previous research 
[25, 26]: Ih = 0.26 kgm2, bh = 2.0 mms/° and kh = 11.0 Nm/°. 
The parameters of the driving mechanism are Ie = 0.185 
kgm2, Im = 0.006 kgm2 and Is = 0.0091 kgm2. The 
parameters of the exoskeleton are w0 = 24 °/s, g = 9.8 m/s2 
and k = 3 000 N/m (elastic modulus). 

It is assumed that the operator is walking at a uniform 
speed (1 m/s). Our simulation only considers the motion of 
the swinging leg (the other leg stands still as the support). 
Then, the leg movement can be simplified as pendulum 
motion, similar to sinusoidal motion. During the 
simulation, the operator's swinging leg moved in a 
sinusoidal manner at different amplitudes and frequencies. 
For simplicity, the initial state of the leg was considered as: 
the thigh is perpendicular to the calf. Three simulations 
were set up, respectively with the desired knee trajectory 
of θ1 = 0.1744sin(t), θ1 = 0.3489sin(t) and θ1 = 0.5234sin(t). 

The simulation results of the proposed control method 
on the four-link biometric knee exoskeleton are listed in 
Figs. 11 and 12.  

Fig. 11 shows that the four-link bionic knee 
exoskeleton was adjusted rapidly at the initial stage of 
motion and achieved a tracking error of less than 5%, 
whichever the amplitude of the motion trajectory. As can 
be seen from Fig. 12, the tracking error was ±0.5º, ±1.0º 
and ±1.5º at the motion trajectory amplitude of 10º, 20º and 
30º, respectively, when the amplitude remained in the 
stable stage (5 ~ 10 s). Hence, the proposed control method, 
i.e. admittance control with inertia compensation, enables 
the four-link bionic knee exoskeleton to track the motion 
of operator's knee in an accurate manner. 

For an operator wearing the bionic knee exoskeleton, 
the upper body and the lower body may be affected 
differently. The operator-tool interaction can partially 
reflect the quality of exoskeleton control. To measure the 
interaction, a bandage was used to bind the bionic knee 
exoskeleton to the operator, and the interaction force was 

simulated on ADAMs. The simulated force was referenced 
to analyze the impedance of the exoskeleton to the 
operator.  

 

 
(a) The tracking curve at the amplitude of 10° 

 
(b) The tracking curve at the amplitude of 20° 

 
(c) The tracking curve at the amplitude of 30° 
Figure 11 Tracking curve of the exoskeleton 

 

 
(a) The tracking error at the amplitude of 10° 

 
(b) The tracking error at the amplitude of 20° 

 
(c) The tracking error at the amplitude of 30° 
Figure 12 Tracking error of the exoskeleton 
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As shown in Fig. 13, the interaction force between the 
exoskeleton and the operator was about 6 N. Under the 
admittance control with inertia compensation, the 
interaction force changed differently with motion 
amplitudes. The peak interaction force (0.5 N) at the 
amplitude of 30° was greater than that at 10° or 20°. The 
value was 91.7% lower than that of the operator without 
wearing the four-link bionic knee exoskeleton. This means 
the proposed control method can indeed reduce the 
impedance of the exoskeleton to the human body, and 
ensure the tracking of the tool to operator motion with a 
little contact force [27, 28]. 

 

 
(a) The interaction force curve at the amplitude of 10° 

 
(b) The interaction force curve at the amplitude of 20° 

 
(c) The interaction force curve at the amplitude of 30° 

Figure 13 The interaction force curve 
 
6 CONCLUSIONS 

 
This paper puts forward the admittance control method 

with inertia compensation, and verifies its effect in 
controlling the swinging tracking of four-link bionic knee 
exoskeleton. Since the calf inertia changes continuously 
with the rotation of the knee, the inertia of the mechanical 
leg was compensated by the equivalent method, i.e. setting 
up the inertia curve of the mechanical leg tracking the 
change of knee angle. The proposed control method was 
proved through simulation. The simulation results confirm 
that our method ensures the tracking of the exoskeleton of 
operator motion, coordinate operator-tool motions, and 
reduces the interaction force. 

To sum up, admittance model for the four-link bionic 
knee exoskeleton can reflect the real motion behavior and 
identify the human intention. The admittance control with 
inertia compensation can control the complex bionic knee 
exoskeleton well, allowing the latter to track the operator 
motion in an accurate manner. The proposed control 
method can also restore the original admittance features of 

the exoskeleton, and reduce the impedance of the 
exoskeleton to the human body. 

Of course, the maximum tracking error is relatively 
high, owing to the complex and flexible structure of the 
four-link bionic knee exoskeleton. The error will be further 
reduced in future research through motion reversing. 
Besides, a wearable four-link bionic knee exoskeleton will 
be produced for experimental verification at different 
frequencies and faster swinging, aiming to disclose the 
actual impact of our method on the exoskeleton. 
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