
Development of Active Stiffness Mechanism for Self-stabilizing Manipulator

저자
(Authors)

Handdeut Chang, Sangjoon J. Kim, Jung Kim

출처
(Source)

제어로봇시스템학회 국제학술대회 논문집 , 2016.10, 912-917 (6 pages)

발행처
(Publisher)

제어로봇시스템학회
Institute of Control, Robotics and Systems

URL http://www.dbpia.co.kr/Article/NODE07070149

APA Style Handdeut Chang, Sangjoon J. Kim, Jung Kim (2016). Development of Active Stiffness
Mechanism for Self-stabilizing Manipulator. 제어로봇시스템학회 국제학술대회 논문집, 912-
917.

이용정보
(Accessed)

저작권 안내
DBpia에서 제공되는 모든 저작물의 저작권은 원저작자에게 있으며, 누리미디어는 각 저작물의 내용을 보증하거나 책임을 지지
않습니다. 그리고 DBpia에서 제공되는 저작물은 DBpia와 구독계약을 체결한 기관소속 이용자 혹은 해당 저작물의 개별 구매자
가 비영리적으로만 이용할 수 있습니다. 그러므로 이에 위반하여 DBpia에서 제공되는 저작물을 복제, 전송 등의 방법으로 무단
이용하는 경우 관련 법령에 따라 민, 형사상의 책임을 질 수 있습니다.

Copyright Information
Copyright of all literary works provided by DBpia belongs to the copyright holder(s)and Nurimedia does not guarantee
contents of the literary work or assume responsibility for the same. In addition, the literary works provided by DBpia may
only be used by the users affiliated to the institutions which executed a subscription agreement with DBpia or the
individual purchasers of the literary work(s)for non-commercial purposes. Therefore, any person who illegally uses the
literary works provided by DBpia by means of reproduction or transmission shall assume civil and criminal responsibility
according to applicable laws and regulations.

한국과학기술원
143.248.65.***
2017/02/23 16:47 (KST)

http://www.dbpia.co.kr/Publication/PLCT00002133
http://www.dbpia.co.kr/Publisher/IPRD00011543


2016 16th International Conference on Control, Automation and Systems (ICCAS 2016) 
Oct. 16-19, 2016 in HICO, Gyeongju, Korea 

1. INTRODUCTION 
 
In classical control theory, feedback control which 

requires high resolution sensors and high computing 
power has been widely utilized to improve the stability 
of systems. In case of human, sensory feedback also 
plays a significant role in realizing stable movements. 
However, the sensory system of human is insufficient 
for a feedback control because of its low resolution, low 
computing power, and nerve transmission delay [1]. To 
explain the stable movements of human, recent studies 
[2][4] have instead emphasized the importance of 
feedforward control and internal inverse dynamics 
model acquired by feedback learning. In another 
previous study, Bizzi [5] observed that the stable 
movement of deafferented monkey can be obtained by 
feedforward control. This result suggests that the 
stability does not solely depend on central nervous 
system but also dynamic properties of the 
musculoskeletal system. 
Therefore, a stabilizing function of musculoskeletal 

system has been analytically investigated and defined as 
self-stabilization of the musculoskeletal system. Wagner 
[6], [7] analytically derived the self-stabilizing 
condition for a single joint of human musculoskeletal 
system using eigenvalue analysis. However, it does not 
sufficiently explain why the musculoskeletal system can 
be self-stabilized because the derived self-stabilization 
criteria using eigenvalue analysis is only effective for 
static musculoskeletal system (time-invariant systems) 
but not for dynamic musculoskeletal system 
(time-varying systems). In our previous studies [8], a 
sufficient condition for the self-stabilization of a 
two-DoF dynamic musculoskeletal system for arbitrary 
motion is analytically derived by Lyapunov stability 
theory. As a result, we come to a conclusion that 

sufficient stiffness and viscosity of the joint with respect 
to target motion intensity play significant role in 
self-stabilizing function. 
Gomi [9] [10] measured stiffness of human arm during 

multi-joint movement and showed that the dynamic 
stiffness is greater than the static stiffness because 
dynamic movement requires much more activation rate 
of muscle. In another previous study, Lee [13]-[15] 
measured human ankle joint impedance for both relaxed 
and active muscles. The relaxed ankle stiffness is 
measured as approximately 20 [Nm/rad] and this value 
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Figure 1 Design of the self-stabilizing manipulator
inspired by biological musculoskeletal systems.  
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increases to approximately 60 [Nm/rad] with 10% of 
muscle activation rate. The above two studies suggest 
that there exist two types of stiffness; one is spring-like 
passive stiffness, other is active stiffness proportional to 
muscle activation rate, and active stiffness can be play a 
significant role in self-stabilizing function of 
musculoskeletal system. 
 Based on this investigation, in this paper, we develop 
active stiffness mechanism which provides 
self-stabilization for a robotic arm. Proposed active 
stiffness mechanism is a unique mechanism in that it 
can provide additional stiffness by using a single 
actuator that is differentiated from other variable 
stiffness mechanisms.  
 

2. Active Stiffness Mechanism Design 
Inspired by Biological Muscle 

 
2.1 Biological muscle model 

The negative gradient property of human muscle 
force with respect to contraction length and velocity is 
well known in physiology and biomechanics [11], as 
shown in Figure 2 (a) and (b). This negative gradient 
value is proportional to the muscle activation rate and it 
plays a significant role in generating the stiffness and 
viscosity of the joint. In a previous study, Anderson [12] 
measured the maximum voluntary joint torque and 
modeled it as a function of the joint angle and angular 
velocity as shown in Figure 2 (c). 

Based on these results, mathematical joint torque can 
be written as the following form: 
 T (E , θ , ω ) T T T  E (t)T (θ ,ω ) − k θ ,−d ω  

(1) 

 
where T  is joint torque, θ  is joint angle, ω  is joint 
angular velocity, E  is activation rate ranged from 0 to 
1, T  is the maximum joint torque (i.e., E 1), k  is 
the passive stiffness constant and d  is the passive 
viscosity constant. The joint torque model (1) consists 
of three parallel components: a contractile component 
(CC) torque T , a parallel elastic component (PEC) 
torque T , and a parallel damping component (PDC) 
torque T . The stiffness and viscosity of joint are 
calculated as follows: 
 ∂T∂θ E (t) ∂T∂θ − k  (2) ∂T∂ω E (t) ∂T∂ω − d  (3) 

The first term in (2) is negative if the maximum joint 
torque T  decreases with respect to joint angle θ  and 
is called active stiffness in this study because it is 
proportional to the activation rate E (t). The second 
term in (2) is the passive stiffness because it is always 
negative and constant. This calculation result 
demonstrates that this mathematical joint torque model 
can reflect the effect of increasing stiffness with 

activation, as is the case for biological muscle. In the 
next section, the new actuator that can assign both 
active stiffness and passive stiffness will be introduced. 
2.2 Joint torque design of self-stabilizing 
manipulator 
Figure 3 shows the manipulator designed for 

self-stabilization in this study. This manipulator moves 
on the vertical plane and has two revolute joints. The 

 
(a) 

 
(b) 

 

(c) 

Figure 2 (a) Force-length relation, (b) Force-velocity
relation of biological muscle, (c) Three-dimensional
relationship among joint torque, angle and angular
velocity of the human knee (modified from [12]). 
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stiffness and viscosity (negative gradient property of the 
joint torque) of the joint are the most significant for the 
self-stabilization and they can be obtained by designing 
a new actuator. In this study, a DC motor (Maxon motor, 
Switzerland) with a reducer (gear ratio of 6: 1 ), a 
variable radius gear transmission system, and linear 
springs are selected to implement the stiffness and 
viscosity of the joint. 
The variable radius gear is a gear with a radius that is 

defined as a function of joint angle θ . This variable 
radius gear enables the generation of a monotonically 
decreasing gear ratio η(θ ) with respect to joint angle θ . The details of the variable radius gear will be treated 
in the following section. As a result, joint torque T  can 
be expressed as follows: T 	ηζT − k θ  (4) 

where T  is the DC motor torque, η(θ )  is the 
variable radius gear ratio, ζ 6 is the constant gear 
ratio and k  is the spring constant. Thus, the joint 
torque-angle gradient is calculated as follows: ∂T∂θ ≃ T ζ ∂η∂θ − k 0 (5) 

The stiffness of the joint in (5) consists of two types of 

stiffness: one is the active stiffness T ζ  induced by 

the variable radius gear and motor input torque and the 
other is the passive stiffness −k  induced by the spring. 
Because the active stiffness is proportional to the motor 
torque, it can provide additional stiffness.  
The torque-angular velocity gradient is calculated as 

follows: ∂T∂ωi η2ζ2 ∂Tm∂ωm 0	 (6) 

where ω  is the angular velocity of the DC motor. For 

the DC motor, the negative gradient property 0 

always holds because of the back-electromotive force. 
Therefore, (6) is always satisfied, which means negative 
viscosity of the joint. As a result, the three-dimensional 
relationship among joint torque T , angle θ , and 

angular velocity ω  is represented as shown in Figure 
4 (a). Two negative gradient properties with respect to 
joint angle and angular velocity is shown. 
2.3 Variable radius gear transmission mechanism 
In this study, the active stiffness is implemented by 

two variable radius gears, as shown in Figure 4 (b). The 
output torque T  is expressed as follows: T ηT  (7) 

where η(θ )  is the radius ratio between two 

variable radius gears. η(θ )  is a monotonically 
decreasing function of θ  and is expressed as (5). 
 η RR D − rere Dr e − 1 (8) 

 
where D 0 is the length between the two gear axes, r 0 is the initial radius of the input gear at θ 0, 
and p 0 indicates that the radius of the input gear is 
exponentially increasing and the radius of output gear is 
exponentially decreasing. The gradient of η  with 

(a) 

 

(b) 

Figure 4 (a) Three-dimensional relationship among
joint torque, angle and angular velocity. DC motor
torque 4.570	 Nm . (b) Variable radius gear
transmission system is used for active stiffness in this
study. The gear ratio monotonically decreases. 

(a) Front view               (b) Side view 

Figure 3 Design of the self-stabilizing manipulator
inspired by biological musculoskeletal systems.  
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respect to the output rotation angle is calculated as 
follows: 
 ∂η∂θ ∂η∂θ dθdθ −pDr e dθdθ 0 (9) 

 
Because the rotation angle of the output gear is 
proportional to the rotation angle of the input gear (i.e., 

>0), (9) is always satisfied, i.e., a monotonically 

decreasing gear ratio with respect to the joint angle is 
obtained. 
 

3. Simulation and Experimental Results 
 
3.1 Simulation results 
Figure 5 shows the numerical simulation results. The 

manipulator is feedforward controlled by the previously 
defined constant input to maintain target position of the 
end effector. The red colored curve is the perturbed 
trajectory, and the blue-colored curve is the predicted 
target trajectory (equilibrium point). It is assumed that 
the initial error is occurred by disturbance at t	 	0	 s . 
As shown in Figure 5 (a), the initial error between the 

target and real trajectory decreases and approaches . 
However, Figure 5 (b) shows that the initial error 
between the target and real trajectory diverges if only 
the passive stiffness is used. 
 
3.2 Experimental results 
Figure 6 shows the hardware experimental results. It 

shows that each joint angle of the red-colored trajectory 
converges to the blue-colored predicted stable target 
trajectory. After the external disturbances at t 1.1	 s , 
and 3.2 [s], the error between the target and actual 
trajectory decreases. Because the manipulator is 
controlled by feedforward control, these results 
demonstrate that the manipulator has a self-stabilizing 
function.  

4. Discussion 
4.1 Eigenvalues 

If the manipulator (or musculoskeletal system) exhibits 
dynamic state changes, then the error system becomes a 
time-varying system and the stability is not guaranteed 
by the negative eigenvalues. However, if the 
manipulator (or musculoskeletal system) maintains its 
posture and exhibits static state, then the error system 
becomes a time-invariant system and the stability is 
guaranteed by the negative eigenvalues. 
 Because the target trajectory in this study is constant, 
the stability can be simply guaranteed by eigenvalue 
analysis. Figure 7 shows the eigenvalues of the two 
different systems in Figure 5. All of the eigenvalues in 
Figure 7 (a) have strictly negative real part, but some of 
the eigenvalues in Figure 7 (b) have positive real part. 
This results show that the passive stiffness is 
insufficient to satisfy the negative eigenvalue condition 
but the negative eigenvalue condition is satisfied with 
the active stiffness induced by the variable radius gear 
transmission mechanism.  
 The amplitude of the eigenvalues are proportional to 
the stiffness but inversely proportional to the mass of 
the manipulator. This means that more stiffness is 
required to maintain negative eigenvalues if the mass of 

(a)  

(b) 

Figure 6 Simulation results of time trajectory of joint
angle. (a) Using both active and passive stiffness case.
(b) Using solely passive stiffness case. 

Figure 5 Experimental results of time trajectory of joint
angle. Using both active and passive stiffness case. The
manipulator is controlled by feedforward control. 
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the manipulator is increased. However, because the 
active stiffness is proportional to motor torque, which is 
also proportional to the mass of the manipulator, the 
variable radius gear transmission mechanism in this 
study can respond to a wide range of mass of the 
manipulator without any additional passive stiffness of 

the spring.  
 

5. CONCLUSION 
In this study, an active stiffness mechanism that can 

assign self-stabilizing function to a robotic arm is 
proposed. The variable radius gear transmission 
mechanism was designed and it enables to provide 
additional stiffness to the joint. The self-stabilizing 
function of the manipulator was identified in both the 
simulations and hardware experiments. Using the 
implemented self-stabilizing function, the manipulator 
was found to be stabilized from the external 
disturbances without any feedback control.  
 Because this type of self-stabilized manipulator does 
not require sensor based feedback control and heavy 
computation for control input, it is robust to signal delay. 
The concept of self-stabilization inspired by biological 
musculoskeletal system is promising for stable motion 
control with feedforward control in the robotics field. 
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