
  

 
 
 
  

Abstract—In recent years, the potential for collision between 
humans and robots has drawn much attention since service 
robots are increasingly being used in the human environment. A 
safe robot arm can be achieved using either an active or passive 
compliance method. A passive compliance system composed of 
purely mechanical elements often provides faster and more 
reliable responses to dynamic collision than an active system 
involving sensors and actuators. Since positioning accuracy and 
collision safety of a robot arm are equally important, a robot 
arm should have very low stiffness when subjected to a collision 
force capable of causing human injury. Otherwise, it should 
maintain a very high stiffness. To implement these requirements, 
a novel safe joint mechanism (SJM-III) consisting of an inclined 
link, a slider with rollers, and linear springs is proposed. The 
SJM-III has the advantage of nonlinear stiffness, which can be 
achieved only with passive mechanical elements. Various 
analyses and experiments on static and dynamic collisions show 
high stiffness of the SJM-III against an external torque less than 
a predetermined threshold torque, with an abrupt drop in 
stiffness when the external torque exceeds this threshold. The 
safe joint mechanism enables a robot manipulator to guarantee 
positioning accuracy and collision safety, and which is simple to 
install between an actuator and a robot link without a 
significant change in the robot’s design. 

I. INTRODUCTION 
Because robots work in human environments, safety issues 
related to physical human-robot interaction have become 
increasingly important. Therefore, several types of safe robot 
arms have been proposed to improve collision safety between 
humans and robots.  

A safe robot arm can be achieved by either a passive or 
active compliance system. In an actively compliant arm, a 
collision is detected by various types of sensors, and the arm 
stiffness is lowered by appropriate control of the joint motors 
[1][2]. Since the active compliance-based approach involves 
sensing and actuation in response to dynamic collision, it 
suffers from relatively low bandwidth unless sophisticated 
and expensive sensors and controllers are used. Furthermore, 
the installation of a sensor and actuator in the robot arm often 
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leads to high cost, an increase in system size and weight, 
possible sensor noise, and actuator malfunction.  

In contrast, a robot arm based on passive compliance is 
usually composed of entirely mechanical elements, such as a 
spring and a flexible link, which can absorb an excessive 
collision force. Since this approach does not use any sensor or 
actuator, it can provide fast and reliable responses even for 
dynamic collision. Several mechanisms have been developed 
to achieve safety using the passive compliance method.  

A mechanical impedance adjuster with a variable spring 
and an electromagnetic brake was developed in [3]. A 
programmable passive compliance-based shoulder 
mechanism using an elastic link was proposed in [4]. A 
variable stiffness unit with motors, two rings that consist of 
arc-shaped magnets, and a linear guide was suggested for the 
safe arm of a service robot in [5].  A variable stiffness actuator 
with a nonlinear torque transmitting system composed of a 
spring and a 4-bar mechanism was developed in [6]. A 
compliance method in the drive system, which mechanically 
decouples the heavy actuator inertia from the link inertia, was 
also introduced in [7].  

A spring is by far the most popular mechanical element for 
shock absorption. However, the soft spring used at the joint of 
a robot arm results in positioning inaccuracy because it 
operates even for small external forces which do not require 
shock absorption. This inaccuracy is often made worse by 
undesirable oscillations caused by the elastic behavior of the 
spring. Although a stiff spring can provide high positioning 
accuracy for a robot arm, its capability of shock absorption is 
much lower than a soft spring, thereby giving a higher 
probability of injury upon collision with humans.  Therefore, 
an ideal safe manipulator would exhibit very low stiffness 
when subjected to a collision force capable of causing human 
injury, but would otherwise maintain a very high stiffness. 

In our previous research, this ideal feature was realized by 
a novel design of a safe link mechanism (SLM) and the safe 
joint mechanism (SJM-I, II) composed of only passive 
mechanical elements [8][9][10]. However, implementation of 
these safety mechanisms for a robot arm requires a simple and 
compact design.  

This paper presents the third version of the safe joint 
mechanism (SJM-III), which can be installed at the joint part 
of the robot arm more easily than our previous safety 
mechanisms.  The SJM-III has only three parts: an inclined 
link, a slider with rollers, and linear springs. Springs are used 
to absorb collision force, while the inclined link determines 
whether or not the external torque can be regarded as safe. 
This enables the SJM-III to operate only in response to a large 
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external torque. The main contribution of our proposed 
mechanism is the realization of nonlinear stiffness capability 
using only simple and low-cost mechanical elements. Without 
compromising positioning accuracy for collision safety, both 
features can be achieved simultaneously with the SJM-III.  
Moreover, the problem of the operating range of the SJM-III 
can be solved by using mechanical limit switches, thus 
guaranteeing higher collision safety. 

The rest of the paper is organized as follows. The 
operational principle of the SJM-III is discussed in detail in 
Section II. Section III presents a further description of the 
prototype model of the SJM-III. Various experimental results 
for both static and dynamic collisions are provided in Section 
IV. Finally, Section V presents conclusions and future work. 

II. OPERATIONAL PRINCIPLE OF THE SAFE JOINT 
MECHANISM-III 

To simultaneously achieve collision safety and positioning 
accuracy of a robot arm, we need a nonlinear stiffness 
mechanism whose stiffness remains very high when the 
external torque acting on the joint of a manipulator is within 
the range of normal operation, but drops rapidly when the 
external torque exceeds a certain level due to collision with 
the object. In this study, an inclined link equipped with a 
pre-compressed spring is exploited to achieve this nonlinear 
stiffness feature. 

A. Positioning Accuracy 
Consider an inclined link which rotates around O1 and 

contacts a roller mounted on the slider shown in Fig. 1. An 
appropriate force F acting on the slider in the x-axis direction 
can maintain static equilibrium against the external torque Tex 
exerted on the link, as shown in Fig. 1(a). 
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Fig. 1. (a) Inclined link in contact with slider and roller, and (b) 

free body diagram of inclined link. 
 
From the equation of closure of the mechanism shown in 

Fig. 1(b), the relationship between Tex and F, which depends 
on the angle of inclination α, can be obtained by  
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where the parameters a, b, c and β are defined in Fig. 1(b).  
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Fig. 2. Ratio of external torque and force as a function of angle of 

inclination, when a=0.5, b=0.5, and c=0. 
 
Figure 2 shows that the ratio of external torque to force 

diverges rapidly to positive infinity as α approaches 0° when 
a = b = 0.5 and c = 0. For example, if the angle of inclination is 
set to 15°, the force transmission ratio is almost 8 times that of 
the angle of 90°. Therefore, even a very small force can make 
this mechanism statically balanced against a very large 
external toque using the angle of inclination of the link.  
 

 
Fig. 3. Nonlinear stiffness mechanism consisting of an inclined link 

with a pre-compressed spring. (a) Zero configuration, and (b) general 
configuration. 
 
To generate the force F required to maintain static 

equilibrium, a pre-compressed spring was installed between 
the fixed link and the slider which can move in the x-axis 
direction, as shown in Fig. 3(a). The roller connected to the 
slider contacts the inclined plane of the link. The stopper is 
used to prevent the clockwise rotation of the inclined link at 
the initial position. Therefore, this mechanism can maintain 
static equilibrium even when only the spring force is applied 
to the inclined link without the external torque. 

Consider a situation in which the external torque Tex is 
forced to act on the inclined link. Due to the spring force 
caused by spring compression, the slider cannot move to the 
left until the external torque exceeds a certain threshold which 
is large enough to move it to the left. The external torque 
required to initiate movement of the slider is defined as the 
threshold torque Tth. From Eq. (1), Tth is described as 
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where k is the spring constant and s0 is the length of the initial 
spring compression.  
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Although a spring of small capacity is installed, a small 
angle of inclination can generate the large threshold torque for 
this mechanism. A robot arm with this mechanism can 
maintain high stiffness to accurately handle a payload, 
thereby generating external torque below the threshold torque 
and providing positioning accuracy in normal operation. 

B. Collision Safety 
In this section, the nonlinear stiffness of this mechanism is 

described. It is assumed that this inclined link rotates 
counterclockwise (CCW), and thus pushes the slider in the 
direction of compressing the spring as shown in Fig. 3(b). 
From the principle of virtual work, the relation between 
external torque Tex and spring force Fs according to the 
angular displacement of inclined link θ, which can maintain 
the static equilibrium of this mechanism, is obtained by 
 

s

sex

Facba

FdT

2

2

)tancos(sin
)tansin)(costan())(tan1(

αθθ
αθθαα

δθ
δ

+

−−+++
=

=

(3) 
 

where δd and δθ  are the virtual displacements of the slider 
and the inclined link, respectively. From the equation of 
closure of this mechanism shown in Fig. 3(b), we obtain 
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For example, when k = 4 kN/m, s0 = 20 mm, a = 11 mm, b = 

7 mm, c = 15 mm, and α = 25°, the external torque and the 
spring force for static equilibrium of this mechanism as a 
function of angular displacement of the inclined link are 
plotted in Fig. 4(a). As the angular displacement θ increases, 
Fs acting on the slider increases because the spring is further 
compressed. However, Tex for the equilibrium of this 
mechanism decreases since the contact angle between the 
inclined link and the roller increases continuously, as shown 
in Fig. 3(b). 
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Fig. 4. (a) External torque and spring force versus angular 

displacement, and (b) equivalent stiffness of nonlinear stiffness 
mechanism as a function of angular displacement. 

 
From Eq. (3), the equivalent stiffness keq of this mechanism 

can be given by  
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keq is kept very high for small values of θ, but quickly drops as 
θ increases as shown in Fig. 4(b). Furthermore, as the angle of 
inclination is increased, a lower stiffness for the same angular 
displacement can be obtained, thereby resulting in relatively 
easy movement of the slider. However, as the angle of 
inclination increases, the threshold torque decreases as shown 
in Fig. 2, so high positioning accuracy cannot be achieved. 
 

 
Fig. 5. Inclined link composed of two angles of inclination. (a) 

Initial static equilibrium, and (b) general motion. 
 

To mitigate this problem, we propose an inclined link 
composed of two inclined planes which have different angles 
as shown in Fig. 5. At the initial static equilibrium condition, 
the roller contacts the first inclined plane whose angle is small, 
so large threshold torque can be achieved. However, as the 
link starts rotating, the stiffness abruptly drops because the 
external torque is transmitted from the second inclined plane 
with a large angle to the slider with a spring. 
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Fig. 6. Dynamic analysis of the nonlinear stiffness mechanism. (a) 

Simple model, and (b) external torque and angular displacement of 
inclined link versus time. 

 
To analyze the dynamic motion of the proposed mechanism 

as shown in Fig. 6(a), we modeled a 1 degree-of-freedom 
(DOF) link equipped with an equivalent spring whose 
stiffness was obtained from Eq. (5). In this analysis, a = 11 
mm, b = 7 mm, c = 15 mm, α1 = 13°, α2 = 40°, k = 4 kN/m, 
and s0 = 20 mm. 
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Until the external torque increases to 8.0 N.m, which is 
below the threshold torque, static equilibrium of the 
mechanism can be maintained because the link does not move 
at all, as shown in Fig. 6(b). However, as the external torque 
Tex(t) increases above the threshold torque, static equilibrium 
cannot be maintained and the link starts rotating. Since the 
equivalent stiffness of the mechanism (keq in Fig. 4(b)) 
quickly decreases according to rotation of the link, the 
mechanism behaves as a soft spring. Furthermore, Fig. 6(b) 
shows that in the case of an inclined link with two different 
angles of inclination (α1 = 13° and α2 = 40°), the angular 
displacement of the link increases more rapidly than in the 
case of one angle of inclination (α = 13°). As a result, the 
proposed mechanism can realize the nonlinear stiffness 
required for both collision safety and positioning accuracy. 

III. ROBOT ARM WITH SAFE JOINT MECHANISM-III 

A. Prototype Modeling of SJM-III 
The nonlinear stiffness mechanism described conceptually 

in the previous section was used in a new safe joint 
mechanism (SJM-III). SJM-III consists of an inclined link, 
linear springs, a base plate, and a slider with rollers, as shown 
in Fig. 7(a). The inclined link is rotated around a shaft fixed at 
the base plate. The slider can translate relative to the base 
plate by means of a linear guide in which friction can be 
significantly reduced. Two rollers which contact the inclined 
link are arranged symmetrically so that the external torque 
applied in both directions can be absorbed. The inclined link 
to which the external torque is applied exerts force on the 
roller, and the slider connected to the roller is forced to move 
in the direction of the compressing springs.  

 

 
Fig. 7. Prototype model of SJM-III. (a) 3-D computer-aided 

design (CAD) model, and (b) operation of SJM-III.  
 
If the springs of the SJM-III are fully compressed up to the 

limit of the operating range and thus the inclined link can no 
longer rotate, the stiffness of the SJM abruptly increases so it 
can no longer absorb a collision force. To cope with this 
problem, mechanical limit switches were installed at the 
inclined link so that collision can be detected. As shown in Fig. 
8(a), to recognize the direction of operation, two limit 
switches were installed in contact with the inclined link which 
has two layers of different shape. 

 

Layer 1
Layer 2

Switch 1

Switch 2

S/W 1

S/W 2

(a) (b)  
Fig. 8. SJM-III with mechanical limit switches. (a) Zero 

configuration, and (b) operation of switches. 
 
For example, if static equilibrium of the SJM-III is 

maintained, all switches are kept on. For CCW rotation, 
switch 1 turns off and switch 2 stays on as shown in Fig. 8(b), 
and vice versa.  

B. Construction of SJM-III Prototype 
The prototype of the SJM-III was constructed as shown in 

Fig. 9(a). The size of the SJM is φ70 x 22 mm, and its weight 
is 100 g. Most components are made of duralumin which can 
endure the shock exerted on the SJM-III. The base plate was 
fixed to a speed reducer with a high gear ratio like the 
harmonic drive, and the inclined link was connected to the 
robot link. Therefore, motor torque is transmitted from the 
speed reducer to the robot link via the SJM-III.  

 
 

 
Fig. 9. Prototype of SJM-III. (a) Isometric view, and (b) robot arm 

with SJM-III. 
 
The SJM-III was installed at joint 3 of the 3 DOF robot arm 

shown in Fig. 9(b). Therefore, the SJM should be designed in 
consideration of the weight of the robot link and the weight of 
the payload. To obtain a different threshold torque of the 
SJM-III according to the direction of rotation, the initial angle 
of the upper part of the inclined link was set to 13° and the 
initial angle of the lower part of the inclined link was set to 
25°, as shown in Fig. 10. As a result, the threshold torque in a 
CW direction was 5.3 N·m, and the threshold torque in a 
CCW direction was 8 N·m.  
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Fig. 10. Non-symmetric inclined link of SJM-III. 

IV. EXPERIMENTS FOR SAFE JOINT MECHANISM-III 

A. Experimental Setups 
To conduct various experiments using the SJM-III, a 3 

DOF robot arm equipped with the SJM-III was constructed as 
shown in Fig. 9(b). The lengths and weights of robot link 1, 
robot link 2, and robot link 3 are 0.25 m, 0.4 m, and 0.4 m, and 
2.9 kg, 1.3 kg, and 0.5 kg, respectively. Most components 
were made of duralumin which could endure the collision 
force exerted on the robot arm. The collision force was 
measured by a force/torque sensor. The displacement of the 
SJM-III was measured by an extra encoder attached to joint 3. 
The sampling time of the controller of this robot arm was 1 ms 
for the actuation of motors and processing of switch signals. 

B. Experimental Results 
In our experiment for static collision, the end-point of the 

robot arm was initially positioned to barely touch a fixed plate, 
and the joint torque provided by the motor was slowly 
increased. The static collision force between the robot and the 
fixed plate was measured by a force/torque sensor. As shown 
in Fig. 11, experiments were conducted for the robotic arms 
with and without the SJM-III. The robot link was forced to 
rotate in both the direction of gravity and the opposite 
direction.  

 
F/T sensor

Direction of gravity

Opposite direction of gravity

Joint 3

Joint 1

Joint 2

Fixed plate

End-point

g

 
Fig. 11. Experimental setup for static collision. 
 
The robot arm without the SJM-III delivered a contact 

force which increased to 60 N at the fixed plate due to high 
stiffness of the speed reducer. However, for both directions, 
contact forces of up to 20 N and 13.5 N, respectively, were 

transmitted to the fixed plate of the robot arm with the SJM-III 
as shown in Fig. 12(a). Although the motor continually 
rotated after collision, contact forces decreased to about 10 N. 
A contact force above pain tolerance (50 N [11]) did not occur 
because the excessive force was absorbed by the SJM-III. 

As shown in Fig. 12(b), virtually no displacement of the 
SJM-III occurred in the opposite direction of gravity when 
external torque due to the contact force was below 8 N·m. 
Therefore, the robot arm with the SJM-III can accurately 
handle a payload of up to approximately 1.5 kg (15 N) as 
though it had a speed reducer with a high gear ratio. However, 
as the external torque increased above the threshold torque, 
the stiffness of the SJM-III quickly diminished. Thus, the 
SJM-III provided high positioning accuracy of the robot arm 
in normal operation, and guarantees safe human-robot contact 
by absorbing a contact force above 50 N in a collision.  
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    Fig. 12. Experimental results for static collision for robot arm. (a) 
Collision force versus time with and without SJM-III, and (b) 
collision force versus angular displacement of the SJM-III. 

 
Next, dynamic collision experiments were conducted for 

the robot arm equipped with and without the SJM-III. A robot 
link rotating at an angular velocity of 208 °/s, which 
corresponds to an end-point velocity of 2 m/s, was forced to 
collide with a fixed urethane ball. The collision force between 
the wall and the robot link was measured by an F/T sensor 
mounted on the ball. For the robot arm with the SJM-III, two 
kinds of safety strategies were applied when the collision was 
detected by switch signals. Strategy 1 is an emergency stop of 
the actuators of the robot arm as soon as a collision is detected 
[2]. Strategy 2 is a reflexive motion which means that an 
actuator rotates in the opposite direction as soon as a collision 
is detected. 
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Fig. 13. Experimental setups for dynamic collision. 
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The experimental results are shown in Fig. 13. For a 

dynamic collision of the robot arm without the SJM-III, the 
collision force reached a peak value of 391 N, which is above 
the fracture tolerance of the nasal bone (345 N, as reported in 
[12]). Therefore, collision with the robot arm without the 
SJM-III has sufficient force to cause injury to a human. 
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   Fig. 13. Experimental results on dynamic collision. (a) No SJM-III 
and SJM-III without switch, and (b) SJM-III with strategies 1 and 2. 

 
In the case of the robot arm with the SJM-III, when no 

strategy was applied, the first peak value of the collision force 
increased to 258 N, which was much less than the force 
without the SJM-III. However, when the actuator 
continuously rotated after the collision, the second collision 
force reached 348 N due to the limit of the operating range of 
the SJM-III. Next, when strategy 1 (emergency stop) was 
applied, the collision force reached 258 N, and immediately 
dropped to 19 N due to the operation of the SJM-III. When  
strategy 2 (reflexive motion) was applied, the peak value of 
the collision force reached 258 N, but immediately after 
collision no collision force was delivered to the urethane ball. 
As a result, the robot arm with the SJM-III provides much 
higher safety for human-robot contact than the arm without 
the SJM-III. Furthermore, if the safety strategies are applied, 
the problem of the operating range of the SJM-III can be 
solved. 

V. CONCLUSIONS 
In this study, the third version of a safe joint mechanism 

(SJM-III) was proposed for collision safety. SJM-III has 
smaller size, lighter weight, and lower cost than the previous 
SJMs. A robot arm equipped with the SJM-III can maintain 
very high stiffness up to a preset threshold torque, and 
provides a very low stiffness above the threshold. From our 
analysis and experiments, the following conclusions are 
drawn: 
 
1) The stiffness of the robot manipulator abruptly drops if the 

external torque to the SJM-III exceeds the pre-determined 
threshold torque. Therefore, collision safety can be 
achieved even for a high-speed dynamic collision. 

 
2) High stiffness of the robot arm can be maintained for 

external torque that is lower than the threshold torque. 
Therefore, positioning accuracy can be achieved in normal 
operation. 

 
4) The SJM-III can be designed in consideration of gravity 

compensation by setting different threshold torques in both 
directions of rotation.  

 
5) Since a collision is detected by limit switches, a robot arm 

with the SJM-III can react to the collision. Therefore, the 
problem with the limit of the operating range of the SJM-III 
can be solved, thus maintaining the robot arm in the safe 
region.  

 
6) Since the SJM-III is simple enough to be installed between 

an actuator and a robot link, it can be applied to any type of 
robot arm without much modification of the robot. 

 
Currently, simpler and more lightweight safe joint 

mechanisms are under development so that several SJMs may 
be used simultaneously in the robot arm without a significant 
increase in cost and weight. 
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