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robots are particularly needed in accomplishing diff cult low-
volume assembly tasks [7] in which human-robot collaboration
is required. However, before co-robots can be pervasively used
to work side-by-side with human workers, the issue of safety [8]
must be addressed.

To evaluate the injury severity of the impact, several safety
criteria, such as Head Injury Criterion (HIC), Gadd Severity In-
dex (GSI), the Thoracic Trauma Index (TTI), the 3 m criterion,
and the Viscous Injury Response (VC), from automotive and
sports industries [9, 10] have been developed. A safety stan-
dard ISO10218 [11] states that one of the following requirement
should be satisf ed for human robot interaction: the TCP (tool
center point)/f ange velocity ≤ 0.25m/s, or dynamic power ≤
80W, or static force ≤ 150N. The implementation of these stan-
dards is at the expenses of reduced performance and productivity.

Intuitively, a robot with a light weight and a low stiffness
is relatively safe. Currently, a majority of work focuses on in-
troducing compliance to the mechanical design. (1) Wrap robot
arms with soft materials [12] to absorb impact energy. However,
it has been estimated that a PUMA robot requires a compliant
cover more than f ve inches in order to keep a tolerable HIC in-
dex of 100 at a velocity of 1m/s [13]. This solution is too bulky,
hence resulting in a signif cantly reduced performance. (2) Em-
ploy compliant or soft materials for structural design [14, 15].
These designs have a low stiffness hence dramatically reduce
effective inertia force. Compliant and passive (under-actuated)
joints are commonly used in this approach. However, the biggest
challenge of this approach is the severely reduced performance,
e.g. poor positioning accuracy. (3) Novel actuator design [16].
Design of novel actuators for co-robot focuses on reducing in-
ertia force of moving parts by using cable drives or pneumatic
actuators [17]. However, these solutions suffer from low band-
width, hence are limited to low performance tasks.

To gain high performance, a common solution is to use a
variable stiffness actuator (VSA) which has a high stiffness in
low speed and a low stiffness in high speed. For instance, CO-
MAN (Compliant humanoid) [18] incorporates joints with vari-
able stiffness that are actuated by passive compliance actuators
based on the series elastic actuation principle. Zinn et al. [13]
designed a distributed macro-mini actuation (DM2) which em-
ploys a pair of two actuators for the shoulder and elbow points,
generating low and high frequency torque components respec-
tively. Unfortunately, this solution adds extra complexity and
costs. More importantly, the results of the impact test between a
DLR-Lightweight Robot III (LWRIII) and a HIII Dummy shows
that introducing compliance at joints does not affect the head im-
pact considering the link inertia ≥ the one of the LWRIII [19].

Apart from design compliance on the actuator, researches in-
troduce compliance in the link as well. Lpez-Martnez et al. [20]
designed a f exible linkage for robot safe operation. The link re-
mains a rigid part given the joint torque less than a threshold,
but splits in two parts if the condition is not satisf ed. This ap-

proach ensures intrinsically safe operation for the co-robots. Park
et al. [21] conduct similar work by designing a safe link mech-
anism. She et al. [22] proposed an inherently safe robotic arm
by designing various stiffness distribution along the manipulator.
However, all of these f exible link designs are passive and their
stiffness are not controllable. Tunable stiffness beams have been
proposed and used in a variety of applications such as legged
robot [23],invasive surgery [24], f apping-wing robot [25]. But
no applications on safe robot are found to the best understanding
of the authors. Furthermore, there is lack of evaluations of injury
regarding to the impact between a f exible link and an operator.
She et al. [26] presents the injury calculation of a f exible link,
but it has a constant stiffness along the beam.

In this paper, we propose a novel f exible robotic arm with
turnable stiffness for safe robot interaction with humans. The
stiffness of the robotic arm can be controlled high if the f ange
velocity is low, from which the position accuracy and force con-
trol are not affected by the compliance. On the other hand, the
stiffness can be turned low if the tip velocity is high and the safety
concerns come to attention. The turnable stiffness is realized by
the morphing shape of the beam, which is actuated by servo mo-
tors via four bar linkages. Numerous impact tests have been done
to evaluate the injury level of the impact.

We begin this paper with an introduction of problem state-
ment in Section 2. Design of the morphing arm is presented in
Section 3. In Section 4, the detail design of the actuation mecha-
nism of the morphing arm is given. Numerous experiment results
are presented in Section 5. Finally, discussion and future work
are presented in Section 6.

2 Problem statement
Unlike conventional industrial robots which are kept com-

pletely separated from humans to ensure safety, co-robots are de-
signed to physically interact with humans in a shared workspace.
As shown in Fig.1, conventional industrial robotic manipulators
are designed to have a high stiffness due to the requirement for
high performance, e.g. positioning accuracy and speed, in man-
ufacturing automation. The safety concern is often addressed
by control through sensing or caging. To ensure safety, perfor-
mance must be sacrif ced signif cantly, e.g. reducing speed. On
the other hand, soft robots made of soft materials and actuators
have a high safety level. However, they do not offer the high
performance required in many manufacturing tasks. Recently
several human-safe co-robots have already emerged on the mar-
ket. These co-robots rely on sensors to detect collision and then
attempt to address this challenge by trading off the performance
for safety. However, their performance or productivity is still far
from meeting most manufacturing tasks in industry because of a
signif cantly reduced performance. Therefore, a novel, high ef-
f cient, and inherently safe robot (fast and safe robot) might be
needed to develop.
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