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A B S T R A C T

In the field of human-robot collaboration (HRC), the speed and separation monitoring (SSM) collaboration have
attracted much attention owing to its non-contact safety strategy. 3D sensing applications are currently of in-
terest for industrial automation technology and are considered to be a promising method for maximizing the
efficiency of SSM. However, little attention has been given to the runaway space of the robot or the potential
contact due to the foreseeable misuse of the operator. In this study, experiments are conducted using a radar
system as an example of a 3D safety-related sensor, and battery assembly scenarios are carried out for the
comparison. In the experiment, two different orientations of the robot are tested, considering the potential
runaway motion of the robot. Also, the maximum permissible speed of the robot is calculated by geometrical
transfer energy, which is based on effective mass and the velocity of the manipulator and human injury criteria.
From the experimental results, it is evident that it is better to avoid placing the vertical articulated robot in front
of the operator from the perspective of minimizing the effect of runaway motion into the safety distance. Finally,
the proposed framework of speed limitation is thought to be an effective method to link SSM and power and
force limiting safety function.

1. Introduction

Robots have undoubtedly become a critical resource in the manu-
facturing sector. Repetitive and simple tasks, or tasks that are difficult
and dangerous for humans, can be performed efficiently and safely by
robots. However, humans have higher productivity than robots in
particular tasks, such as connecting wires and cables. For this reason,
human-robot collaboration (HRC) plays an important role in bringing
productivity and efficiency one step higher [1,2]. In order to realize the
demands for HRC, it is necessary to reduce the risk to an acceptable
level, which can only be achieved through sufficient risk assessment
[3,4]. Here, the speed and separation monitoring (SSM) function can be
utilized in the scenario that uses a non-contact policy for securing the
safety of humans while allowing a protective separation distance (PSD)
between humans and robots [5,6].

There has been discussion and investigation regarding how to take
advantage of the SSM function. Szabo et al. applied the SSM prototype,
which was one of the earliest forms that utilize laser scanner-type of
safety-related sensors [7]. Furthermore, Marvel et al. evaluated the
safety and productivity of the SSM functionality, and several studies
were undertaken to investigate the influence of the essential parameters

that supplement the PSD function [8–11]. Another approach was taken
by Lacevic et al., which expands the SSM function to entire joints of the
robot using a danger field algorithm for calculating avoidance motion
[12,13]. In addition, Byner et al. maximized the efficiency of SSM by
geometrically computing the distance of the robot to the source of
danger [14]. A number of studies have investigated the parameters that
supplement the PSD, such as basic parameters [15], a psychological
approach [16], and the likelihood of intrusion [17].

However, commercialized robots that are designed for collaboration
are not generally operated with the SSM function. Some studies have
claimed that the reason for this is the absence of a suitable safety-re-
lated sensor [18,19]. On the other hand, the recently launched ISO/TS
62,998 standard, which aims to extend and integrate these safety-re-
lated sensors, does not limit the detection principle to a specific
medium [20]. These recent trends have led to proposals of 3D detection
techniques and to feasibility studies of human presence sensing
[21–24]. The high-quality data obtained by these 3D sensors is expected
to drastically reduce the distance between humans and SSM im-
plemented robots [18]. Moreover, recent advancements in the frame-
work of collision-free HRC has been reported with various concept
using 3D sensors such as machine learning techniques and pose
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estimation of human [25,26]. In this respect, it is important that sup-
plemental considerations especially related to safety criteria for SSM
when introducing 3D sensors are urgently discussed.

The aforementioned SSM criteria can be applied only to situations
when the robot is normally activated and has the capability of aborting
when necessary [27]. However, possible faults such as an erratic sensor
at the joint level may generate erroneous signals which cause an instant
runaway state of the robot [28]. In this respect, some studies have at-
tempted to show how much the runaway volume on the robot manip-
ulator should be estimated at an instant in 3D space. Meanwhile, the
runaway motion space may differ with the relative orientation of the
robot and the operator since the runaway distance is generally re-
presented as an ellipsoid volume. Based on the pioneering work of
Yamada, we will discuss whether the runaway distance can be reduced
according to the relative orientation of the human and the robot [29].

For the case of using properly designed SSM, no contact can occur
except for intentional or misuse by the human because of the nature of
the non-contact oriented collaborative system. However, some of the
potential intrusion may be conditionally allowed if the estimated risk is
acceptable which will make the application more efficient than solely
used SSM. In this case, more attention should be given to the severity of
the undesired contact, originating from human error or the ergonomic
aspect of risk assessment for the human operators. This may be realized
by considering transfer energy between the human and the robot which
also indispensable from the viewpoint of a probabilistically worst-case
scenario. Thus, the approach of estimating the expected transfer energy
of potential contact in the dynamic state will be discussed in this study.

1.1. Contributions

This study presents two approaches for investigating marginal
considerations for SSM collaborative method with the 3D sensor usage.
One approach is to investigate the effect of the sudden acceleration of
the robot due to the runaway motion of the robot. Another approach
shows the maximum permissible speed of the robot calculated by
geometrical transfer energy. First, an experiment was made to compare
the SSM implementation when using a radio wave sensor as an example
of a 3D sensor and a conventional minimum distance approach when
using a 2D laser scanner. In the experiment, human and robot battery
assembly tasks were used to demonstrate a realistic HRC scenario, and
experiments have conducted by the participants who have been en-
gaged in the production line for more than two years. Then, the ob-
tained relative motions of the robot and the human are used to calculate
the effect of a potential runaway motion of robots based on two relative
orientations of an operator and a robot: frontal orientation A, and
perpendicular orientation B. Based on effective mass and the relative
velocity of the manipulator and the operator obtained in the experi-
ment, the speed limitation of the robot method is discussed.

2. Methodology for non-contact policy between humans and
robots

The SSM collaborative operation method secures the operator from
collision by continuously monitoring the movements of humans and
robots. This method calculates the minimum allowable distance be-
tween a human and a robot based on the physical relationship using
information from a safety-related sensor. At the moment when the
operator is encroaching in terms of the PSD, the robot system designed
with SSM method initiate a protective stop and safety-related functions
such as turning off any hazardous tools [30]. In this section, potential
runaway motion in task space (PRAM-t) is introduced based on the
dynamic manipulability ellipsoid (DME).

2.1. Protective separation distance

Fig 1 shows a schematic diagram of the PSD. The formula of the PSD

is given by

= + + + + +S t S S S C Z Z( ) .p h r s d r0 (1)

where Sh is the distance that the human can move from the time the
stop signal is issued to the robot until the time that the robot is required
to stop completely; and Sr represents the idle distance of the robot until
the stop signal is issued by the controller. The reaction time generally
includes the response time of the safety-related equipment, the robot
controller, motor drive, and communication latency. Furthermore, Ss is
the braking distance of the robot until it stops completely, which is
highly dependent on the braking performance of the robot, the present
speed of the robot when the stop is issued, and the weight of the pay-
load. In addition, C is an intrusion distance through which a part of the
body (usually a hand) can move past the detected zone toward the
hazard zone prior to actuation of the safety functions [31]. For instance,
all possible intrusion of the human hands from the undetected zone
should be considered if the robot system can only monitor a 2D plane.
Based on consideration of the ISO standards, shifting from a 2D sensor
to a 3D sensor can reduce the intrusion distance. When using a 2D laser
scanner, a distance less than or equal to the 850-mm intrusion distance
must be considered in the SSM function as C. Therefore, it is required to
separate the human and the robot more than is necessary, which con-
sequently limits the efficiency of the collaboration. On the other hand,
when using a 3D sensor as the safety-related sensor, C can be neglected
by only considering the measurement performance of the sensor.

Finally, Zd and Zr are the measurement uncertainties of the positions
of the human and that of the robot. However, as some research shows,
how to derive these parameters regarding uncertainties still remains not
clear [11,18]. In this study, we follow the framework of IEC/TS 62,998
to use coverage interval as the measurement uncertainties. The cov-
erage interval indicates the confidence level of the Gaussian distributed
measurement error that meets the required safety integrity level [20].
In accordance with the required safety integrity level of =PL d,r the
measurement uncertainties are calculated as =Z σ5.16 ,d where σ de-
notes the standard deviation of the measurement error.

Assuming that the robot decelerates with a constant braking per-
formance as, (1) can be rewritten as follows:

Fig. 1. Illustration of protective separation distance (blue colored area), where
vh and vr denote the relative speed of the operator and the robot, respectively,
defined according to the closest distance plane; Tr denote the global reaction
time which includes protective equipment, logical control device, and drive
apparatus; and Ts represent the stopping time to make the speed of the robot
zero. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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where Tr is the reaction time of the robot system; and Ts is the time
elapsed from the issuing of the stop signal until the robot stops com-
pletely. In addition, vr and vs represent the relative speed in the manner
that it decreases the closest distance the most. Finally, the robot that
violates the PSD should execute the protective stop function as follows
[32]:

≤S t S t( ) ( ).p 0 0 (3)

2.2. Potential runaway motion volume in task space

Despite this effort, the safety distance between the robot and the
human may be insufficient with the presented PSD alone. For instance,
popular permanent magnet servomotors, which are used to produce the
driving force to move the joints of industrial robots, can generate faults
for electrical, mechanical, and other external reasons [33,34]. It should
be also noted that even though ISO/TS 15,066 requires to consider the
acceleration capability of the robot, few studies have attempted to in-
clude the runaway motion of the robot [6].

In this study, PRAM-t is used to estimate the worst-case acceleration
volume that the robot can move during the state of the runaway, as
shown in Fig. 2 [29]. In the case where a robot makes a fault at time t0,
it can be interpreted that the end-effector of the robot moves along a
different path from that of the original one that has been planned in
normal operation. For industrial robots that are designed for the man-
ufacturing sites, it is required to have the capability of detection or
tolerance to a single fault [5]. Therefore, it can be assumed that these
robots have the capability to execute the protective stop function after a
certain period of time, i.e., the reaction time or the communication
time. Especially, in general, the motor apparatus also have in-
dependently capable of self-diagnosis function in case of failure. In this
study, we assume the reaction time of an activation of a protective
safety function is equivalent to the maximum reaction time of the motor
drive.

Suppose = … ∈r r rr ( , , , )m
T m

1 2 � is a set of vectors that represents the
position and orientation of the end-effector defined from a reference
coordinate system fixed to the robot system, and

= … ∈q q qq ( , , , )n
T n

1 2 � is the joint angle vector. The first-order re-
lationship between two vectors, q and r, can be written as follows:

=r f q( ). (4)

Further, velocity of the end-effector ∈v � can be expressed as

=v q J q q( ) ( ) ˙ (5)

where J is the Jacobian matrix (J) and = d dtq q˙ / .
Let M q( ) is the inertia matrix; the acceleration of the robot end-

effector can be computed as follows:

= − τv q J q M q q˙ ( ) ( ) ˜ ( ) ˜ ( )1 (6)

where τ̃ is the normalized control force of joints

= … =τ τ τ τ τ τ τ˜ [˜ , ˜ , , ˜ ], ˜ / ,n i i i1 2 max (7)

and M̃ denotes the normalized M :

⎜ ⎟= = ⎛
⎝

… ⎞
⎠τ τ τ

M T M T˜ , diag 1 , 1 , , 1 .τ τ
m1max 2max max (8)

Hence, all the sets of acceleration of the end-effector that can be
obtained using the joint driving force become ellipsoids in the m-di-
mensional Euclidean space (i.e., DME) [35]. The main axis of the el-
lipsoid …σ u σ u σ u, , ,d d d d d d1 1 2 2 m m can be determined by calculating the
singular value decomposition of ( −JM̃ 1):

=−J q M q U Σ V( ) ˜ ( ) .d d d
T1 (9)

In accordance with (9), PRAM-t when the robot runs at time t0 can
be calculated under the assumption that the robot will follow the ac-
celeration calculated by the DME during the reaction time of internal
motor drive Tro.

Finally, the PSD considering the PRAM-t RSp is expressed by the
following conditional equation that is dependent on the speed of the
robot during the reaction time of the motor drive Tro, which is shown in
Fig. 3. What is to note is the PRAM-t is generally represented as an
ellipsoid, and the acceleration value is dependent on the relative dis-
tance and direction between the robot and the human. Therefore, as
shown in Fig. 2, the RSp is calculated on the Mahalanobis distance
considering the geometrical relationship between the ellipsoid and the
sphere of the human body part distance.

Fig. 2. Illustration of protective separation distance considering potential
runaway motion in task space ellipsoid RSp(t0) during +t t t[ , Δ )0 0 . The typical
case where an industrial manipulator is operated along a preliminary taught
trajectory from A to B is considered and is calculated along the Mahalanobis
distance.

Fig. 3. Illustration of protective separation distance (blue colored area) and
potential runaway motion in task space (orange-colored area), where vh and vr
denote the relative speed of the operator and the robot, respectively, defined
according to the closest distance plane; Tri, Trl, and Tro denote the reaction time
of the protective equipment, logical control device, and motor drive respec-
tively. Ts, and ΔTs represent the stopping time to make the speed of the robot
zero and an increase in the stopping time due to the acceleration of the robot
system respectively. Finally, ar

a( ) and ar
b( ) denote acceleration and deceleration

performance of the robot, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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where ar
a( ) and ar

b( ) represent acceleration calculated by the DME, and
deceleration originating from braking performance of the robot, re-
spectively. It should be noted that Tri, Trl, and Tro denote the reaction
time of the protective equipment, logical control device, and motor
drive respectively. In addition, ΔTs represents an increase in the stop-
ping time due to the acceleration of the robot system. Consequently,
RSp should meet the following condition in addition to (3):

≤ ≤S t RS t S t( ) ( ) ( ).p p0 0 0 (11)

2.3. Maximum speed control and energy transfer during contact

The SSM method is a protective feature for securing PSD between
the operator and the robot. In general, risk of contact can be defined as
a combination of the probability of occurrence of harm and the severity
of that harm [3]. In this respect, it should be noted that minor contact
can be accepted for the case where the risk of contact between the
human and the robot is negligible. In other words, the robot may
maintain its tasks when the PSD is violated as far as the severity of the
contact risk is acceptable. However, little guidelines or agreements
have been made regarding the severity of the risk of contact, which is to
be defined in terms of the probabilistic regulation. In this study, the
permissible velocity limit is discussed based on the expected transfer
energy using the biomechanical limits in ISO/TS 15066.

The kinetic energy matrix associated with the operational space
Λ q( ) for non-redundant robots can be calculated by [36,37]

= − −Λ q J q M J q( ) ( ( ) ( )) .T1 1 (12)

Further, (12) can be decomposed into

= ⎡

⎣
⎢

⎤

⎦
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−
−

−Λ
Λ q Λ q
Λ q Λ q

( ) ¯ ( )
¯ ( ) ( )

.v vω

ωv
T

ω

1
1

1
(13)

Thus, a scalar value of the effective mass of the end-effector can be
expressed as follows:

= − −u um Λ q[ ( ) ] ,u v
T 1 1 (14)

and

= − −u ui Λ q[ ( ) ] ,u ω
T 1 1 (15)

where mu is the reflected robot inertia; and iu is the reflected rotational
robot inertia toward the u direction. In this study, only mu is treated as
the effective mass of the end-effector of the robot due to the difficulty of
estimating iu in practice, and most of the trajectories performed by the
robot in the experiment were translational movements. Finally, con-
sidering the dynamic contact between the human and the robot, ex-
pected transfer energy E when a simple two-body model is used can be
written as follows:

=E μv1
2 rel

2
(16)

= +− − −μ m mr h
1 1 1 (17)

where μ is the reduced mass of the human and the robot; vrel is the
relative speed between the human and the robot; mh represents the
effective mass of the human; and mr denotes the effective mass of the
robot in the u direction.

3. Experimental design

The purpose of experiments presented in this section is firstly to
compare the separation distances between when using the 2D and 3D
sensor as a safety-related sensor. For the comparison, battery assembly
scenarios between the human and the robot were carried out. Second is

to investigate the effect of the potential acceleration of the robot in case
of runaway by using actual information of the human and the robot.
Two different orientations were demonstrated in the experiment be-
cause the effect of the potential runaway motion of the robot differs
according to the posture of the robot and the relative distance vector
between the human and the robot. The third is to investigate expected
transferred energy assuming potential contact based on the dynamic
properties of the robot and the biomechanical limit of human injury.
Assuming foreseeable misuse of the human side, the simulation was
carried out by using the instant velocity of the human and the robot.
Our experiments were performed with the permission of the institu-
tional review board of Nagoya University (approval no. 18-16).

3.1. HRC scenarios

Fig. 4 illustrates the battery assembly task performed by the parti-
cipants and the robot system. Also, the task process of battery assembly
task scenario for conducting the collaboration between the robot is
summarized in Table 1. In the experiment, a six-axis robot arm (VS-060,
Denso Wave, Japan) and a compressed air dispenser were used for
applying the adhesive material. Experimental tools and layout of the
human side are explained in Fig. 5. The robot performs the repetitive
and simple task of applying the adhesive to the battery case, and the
human operator performs a quality inspection and inserts the battery
cell into the battery case after the task by the robot is completed. Two
subjects who participated in the experiment were experts who were
engaged for many years in the production line. The experiment was
conducted until the operator completed four batteries after several
trials of assembling the test batteries. A motion capture system (Venus
3D) was used to measure the relative distance between the three-di-
mensional position of the operator, and the end-effector of the robot. In
this study, human hand contact between the robot was considered as
the most hazardous event since the preliminary taught motion of the
robot is demonstrated only around the working table. Therefore, the
position of the participant’s hands was measured, and the position of
the chest was additionally measured as the central position of the
participant. In case of emergency, the emergency stop button is located
near the human work area and the experiment manager.

3.2. Protective equipment and test scenarios

Fig. 6 shows a block diagram of the control structure using two
different types of sensors. Both the laser scanner (SE2L-H05P, IDEC,

Fig. 4. Battery assembly task: Human-robot collaboration scenario used in the
experiment. An example of the robot is equipped with a radio wave sensor
system using a speed and separation monitoring function.
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Japan) and radio wave sensor system (SC1211AU2, Socionext, Japan)
which uses frequency modulated continuous wave method is used to
compute the safety distance; the speed of the robot is modified by ex-
ternal controllers. Accordance with the calculated safety distances, the
speed of the robot is rescaled until it does not violate each safety dis-
tance. Fig. 7 shows two different concepts depending on relative pos-
tures between the robot and the human. PRAM-t was compared ac-
cording to the relative orientation between the human and the robot,
different postures of the robot were demonstrated. Relevant safety
distances were computed based on physical parameters which are given
by the robot manufacturer. Especially, the reaction time of the logical
control device Trl, and the motor drive Tro was set as 100 ms, and 50 ms
respectively. Details of different test cases with relevance to protective
equipment have been defined in the following.

3.2.1. Test case 1: layout using the laser scanner
Fig. 8 shows the layout of the presented Test Case 1 scenario. Safety

distance between the robot and the human was calculated based on the
minimum distance criterion with sensor latency Tri of 40 ms [31]. Body
parts such as a human hand cannot be continuously detected when
using the 2D laser scanner to monitor the movement of the operator.
Therefore, it is required to take into account an appropriate margin
distance according to the installed position of the laser scanner [31].
Accordance with the height of the Laser scanner (0.9 m), C was chosen
as 0.85 m. The safety distance between the operator and the robot was
calculated from the position of the maximum reach of the robot. The

Table 1
Summary of battery assembly task scenario process .

Type of task (Subject of action) Process/ content Classification

Bottom case procurement Moving
H1 - Bottom case task (Human) Bottom case set Operation

Tag seal Inspection
Robot activation Operation

R1 - Bottom case adhesive
injection (Robot)

Adhesive injection Injection

Upper case procurement Moving
Upper case set Operation

H2 - Upper case task (Human) Bottom case collection Moving
Robot activation Operation

R2 - Upper case adhesive
injection (Robot)

Adhesive injection Injection

Battery procurement Moving
Quality check1: electrical
interference

Inspection

Screwing1: middle case Screwing
H3 - Battery cell assembly task

(Human)
Quality check2: position
check

Inspection

Bottom case procurement Moving
Tag seal Operation
Bottom case set Operation
Upper case insertion Operation

H4 - Switching task (Human) Screwing2: bottom case Screwing
Quality check3: final test Inspection
Transportation of assembled
battery

Moving

Fig. 5. Experimental layout and tools required for battery assembly task. The
battery is complete when it is fixed to the battery cell with adhesive and
screwed tightly.

Fig. 6. Block diagram of experimental hardware and software setup dependent on the safety-related sensors. The speed of the robot is modified according to the
relative distance and velocity between the human and the robot.

Fig. 7. Two different orientations of the robot. Orientation A demonstrates
frontal interaction concept. Orientation B demonstrates perpendicular interac-
tion concept.
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experiments were conducted according to the orientations of A and B of
the robot.

3.2.2. Test case 2: layout using the radio wave sensor system
Fig. 9 shows the layout of the Test Case 2 scenario when using the

radio wave sensor system. A total of three radio sensors S1, S2, and S3
were installed on the end-effector and both ends of the workspace. The
specific parameters of the radio wave sensors were configured based on
their displacements and receptivities. All carrier frequency of the radio
wave sensors were set as 24.14 GHz, and sweep frequencies were set as
180 MHz. Closest distance and its velocity was calculated based on the
FM-CW method with FFT size of 2048, and the Hamming window was
used for its digital signal processing. In order to avoid radio wave in-
terferences and ghost targets, different sweep sampling time 1024 us,
614 us, and 409 us were used for S1, S2, and S3 respectively. Both radio
wave sensors placed on the end of the table was used to confirm
whether the participant is in the workspace. The radio wave sensor
placed on the end effector S1 is enabled only when the table placed S2,
or S3 gives distance less than 1 m with latency Tri of 30 ms. The PSD
was calculated based on the distance between the end-effector and the
closest body parts of the operator taken by the S1. Intrusion distance C
was ignored in the PSD calculation because the relative distance be-
tween the body part of the human and the robot can be observed. The
measurement uncertainty Zd was set as 16 cm considering the mea-
surement error of the used radio wave sensor follows the Gaussian
distribution having 3 cm of standard deviation, and coverage interval of

=PL dr requires 5.16 σ [20,21]. In the same way as in Test Case 1,
experiments were conducted for the orientations of A and B of the
robot.

3.3. Evaluation metric

3.3.1. Productivity metric
In each trial, the protective equipment has been varied, which were

presumed to have an impact on separation distance and cycle time
mainly due to the decreased intrusion distance. The productivity of the
HRC application for the presented test scenarios when using different
protective equipment was evaluated by the workspace occupancy and
the application time. With respect to the HRC analytical models for
productivity in the workspace, the following shop floor space (FS) is
and an average separation distance was used for the evaluation [22]:

= − × −FS x x y y( ) ( ),i i i i
max min max min (18)

where xi
max and yi

max are the maximum values of the x and y positions,
respectively, for the resources, including the operator and the robot;
and xi

min and yi
min are the minimum values of the x and y positions

during the ith task, respectively. Each x and y is defined in accordance
with the layout of the workspace. In addition, the application cycle time
required to complete the task TH is assessed as an additional metric:

∑=
=

T T ,H
i

n

c
i

1 (19)

where Tc
i is the time consumed during the i th task; and n represents the

task number conducted by the operator.

3.3.2. PRAM-T simulation analysis
The main goal of the analysis is to find a distinction between the

presented orientations. Since the radio wave sensor used in this study is

the SISO sensor which allows measuring only the relative distance and
velocity, simulation based on measured samples by motion capture
system was used to investigate the effect of the runaway motion of the
robot. It is presumed that the runaway acceleration of the robot will
differ against each orientations A and B due to the PRAM-t is re-
presented as an ellipsoid. For the same reason, the acceleration of the
robot’s runaway motion is dependent on the relative distance and di-
rection between the robot and the human. Therefore, the runaway ac-
celeration of the robot can differ according to the relative position of
the human body parts. With respect to the effect of the runway motion
of the robot into the PSD, a comparison of runaway margin −RS Sp p is
used for the evaluation for each body part.

In addition, the result is normalized with torque and arm length
value since the effect of PRAM-t can differ according to the performance
of the robot used in the experiment. However, due to the computation
payload and calculation resources, only one cycle time period of the
sample from participants was used for the normalization.

3.3.3. Velocity boundaries and transfer energy analysis
The purpose of the simulation is to investigate the expected transfer

energy to calculate the permissible velocity limit. For the case of using
properly designed SSM, no collision can occur except for intentional or
misuse by the human because of the nature of the non-contact oriented
collaborative system. While the SSM implementation allows avoiding
foreseeable contact, some of the contact during the application may be
conditionally acceptable if the risk of the contact is minor. From this
insight, this simulation includes the approach of estimating the ex-
pected transfer energy of potential contact in the current dynamic state.
First, the contact scenario is established using the reduced-mass two-
body model and the effective mass of the robot end-effector derived by
the mechanical properties of the robot. After the contact scenario is
modeled, the threshold of the robot speed is identified based on the
biomechanical limit where the human feels pain. The mass of the
human hand is assumed to be fixed at 0.6 kg, and the biomechanical
energy limit of the human hand was set at 0.49 J according to the ISO/
TS 15,066 [6]. Referring to (14), we recall that the effective mass of the
robot differs according to the relative position of the human and the
robot. Therefore, the expected transfer energy was computed between
each part of the human body during the presented experiment.

4. Results

In this section, the cycle times achieved with the different types of
sensors and orientation in each of the test cases as defined in
Section 3.3.1 are presented in the following. In addition, PRAM-t si-
mulation and velocity boundary analysis were conducted based on the
obtained motion capture data samples as shown in Section 3.3.2, and
3.3.3.

4.1. Comparison of cycle times

Table 2 lists the total cycle time, average and maximum velocity of
the robot for each task when the application is held without any in-
trusion from the human operator. The comparison results of the mean
cycle times from the experiment are summarized in Fig. 10. In com-
parison to when using the laser scanner, the mean cycle time of the
moving task was reduced from 17.5 s to 4.6 s and from 13.1 s to 4.7 s
for orientations A and B respectively in case of using the radio wave

Table 2
Robot cycle time, average and maximum velocity for each tasks without intrusion .

Type of task (Robot) Cycle time(s) Average velocity v̄r (mm/s) Maximum velocity max(vr) (mm/s)

R-1 Bottom case adhesive injection 45.9 88 509
R-2 Upper case adhesive injection 50.6 94 452
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sensor. In addition, the total mean cycle time had no much difference
according to the orientations in the case of using the laser scanner.
When using the radio wave sensor, the total mean cycle time of or-
ientation A was shorter than that of B. In particular, radio B had the
longest mean cycle time for waiting of 35.1 s. As a result, the mean
cycle time was shortened when the orientation of the robot was A, and
the mean cycle time increased when the orientation was B.

4.2. Comparison of floor space

Fig. 11 and Fig. 12 shows the heat map of the end-effector of the
robot and the two participants during the task scenario of orientation A
when using a laser scanner and radio wave sensor respectively (or-
ientation B was similar to that of A and had no much difference). When
using the radio wave sensor, compared with the laser scanner, the shop
floor space and average separation distance both decreased. Table 3
summarizes a comparison of the shop floor space required for each
operation in the experiment and the mean values of the separation
distances between the closest human body parts. When using the radio

wave sensor, compared with the laser scanner, the shop floor space FS
decreased by 58% and 20% for the orientation A and B respectively.
Also, when using the radio wave sensor, in comparison with the laser
scanner, the average separation distance decreased by 50% and 40% for
the orientation A and B respectively.

4.3. Frequency of intrusion

Fig. 13 shows the data compiled for participant 1 in orientation A,
comparing the Sp(t) and the actual separation distance S(t) from the
participant’s chest to the robot end-effector when using a laser scanner
as the safety-related sensor. Fig. 14 shows data compiled for participant
1 in orientation B, comparing the Sp(t) and the actual separation dis-
tance S(t) from the participant’s left hand when using a radio wave
sensor system as the safety-related sensor. Both Fig. 13, and Fig. 14 are
shown in duration time of 300 s to include one cycle for finishing the
battery assembly task among the four total battery completion. As
shown in Fig. 13, intrusions were observed during the moving task

Fig. 8. Test Case 1: Layout when using the 2D laser scanner as the safety-related
sensor. A layout was chosen to minimize moving path and risk of falls of the
operator based on the risk assessment. Two different orientations of the robot, A
and B, were tested.

Fig. 9. Test Case 2: Layout when using the 3D radio wave sensor system as the
safety-related sensor. Three radio wave sensors S1, S2, and S3 were installed on
the end-effector of the robot, and each side end of the work area respectively.
First, when the two sensors in the side end detect the human body, the radio
wave sensor system is enabled. Second, only the radio wave sensor installed on
the end-effector of the robot detects the human hand and slows or stops the
robot according to the calculated protective separation distance. Finally, two
different orientations, A and B, were tested.

Fig. 10. Comparison of mean cycle time according to type of battery assembly
work. Waiting indicates the waiting time of the operator for the robot to finish
its task. The operation time includes battery assembly, attachment of the serial
number seal, and manipulation of the robot. The moving time includes activ-
ities of transportation of materials.

Fig. 11. Heat map of the end-effector and the two participants including chest
and both hands during the task scenario of orientation A for laser scanner
layout. Each mesh grid represents 1cm2 in accordance to the coordinates shown
in Fig. 8.
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when using the laser scanner for orientation A and was same with that
of the orientation B. Also, intrusion was observed only during the
moving task in case of using radio wave sensor for the orientation A. In
case of using radio wave sensor for orientation B, intrusions were ob-
served during screwing and inspection task (Fig. 14). As a result, in case
of using the radio wave sensor for orientation B, robot halted 41 times
(27 times and 14 times for participant 1 and 2 respectively) for the
screwing task of the human operator.

4.4. Comparison of protective separation distance and PRAM-t

For comparison of PRAM-t, runaway acceleration of the robot re-
spect to the relative position of the human and the robot was computed
based on experimental setup shown in Section 3.2. Fig. 15 shows a
comparison of acceleration calculated by DME ellipsoid using measured
position data of subjects and the robot end-effector (123687 samples
total). As a result, the mean runaway acceleration of the robot de-
creased by changing the orientation from A to B for the chest (45 %),
left hand (61 %), and right hand (51 %).

Fig. 16 shows a comparison of runaway margin −RS Sp p with re-
spect to each body part of the participants when using the radio wave
sensor. Regarding the results, the mean runaway margin decreased by
31 %, 61 %, and 60 % for the chest, left hand, and right hand, re-
spectively. In addition, all the maximum values of the runaway margin
during the experiment were less than 6 cm.

Finally, the simulation result was normalized by scaling the length
of the robot arm and the maximum joint torque of the robot is shown in
Fig. 17. The simulation assumes that all the arm lengths and the

Fig. 12. Heat map of the end-effector and the two participants including chest
and both hands during the task scenario of orientation A for radio wave sensor
layout. Each mesh grid represents 1cm2 in accordance to the coordinates shown
in Fig. 9.

Table 3
Results of the required floor space (FS) and comparison of the average se-
paration distance (S̄) between the end-effector and the body parts of the op-
erator .

Laser (A) Radio (A) Laser (B) Radio (B)

FS (m2) 4.77 2.01 4.40 3.49
S̄ (m) 1.58 0.79 1.76 0.69

Fig. 13. Comparison of the protective separation distance Sp and the separation
distance S between the chest part of the subject and the end-effector of the
robot (orientation A) when using a laser scanner. Red rectangles show intrusion
by the human operator during the moving task.

Fig. 14. Comparison of the protective separation distance Sp and the separation
distance S between the left hand of the subject and the end-effector of the robot
(orientation B) when using a radio wave sensor.Some epoch is highlighted to
show intrusion by the human operator during the screwing, and inspection task.

Fig. 15. Acceleration calculated by DME to each body part of the participants
according to the relative orientation between the human and the robot when
using a radio wave sensor as the safety-related sensor.
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maximum joint torques are increased with the same proportion for the
robots used in the experiment. Further, the results were summarized to
include all the runaway margin respect to the specific body parts of the
subjects during one cycle application of the experiment. From the re-
sults, as the length of the robot’s arm increased, the mean runaway
margin also increased. For example, when only the maximum torque
was varied, the mean runaway margin 2.7 times, and 7.5 times in-
creased when the maximum joint torque increased 2 times, and 4 times
respectively. On the other hand, as the length of the robot arm in-
creased, the trend tends to decrease. For instance, when only the length
of the robot arm was varied, the mean runaway margin decreased to
37 % and 14 % when the length scale of the robot arm increased 2 times
and 4 times respectively.

4.5. Velocity boundaries and transfer energy analysis based on dynamic
properties of the robot

In order to derive maximum permissible velocity, transfer energy
was computed in accordance with the experimental setup shown in
Section 3.3.3. Fig. 18 shows an example of the velocity boundaries of

the robot end-effector and the expected transfer energy calculated by
relative speed and effective mass between the participant and the robot
when using the radio wave sensor as a safety-related sensor for or-
ientation A. From the result, it can be known that transfer energy and
relative speed were high enough to violate the energy limitation and
maximum permissible velocity during the screwing task (180 s).

5. Discussion

5.1. Cycle time and frequency of intrusion

Contrary to what we expected, it can be known that the orientation
B requires more cycle time than that of the A as shown in Fig. 10. The
major reason for this is considered as due to the increased waiting time
for the operator until the robot finishes its task. One of the reasons that
the waiting time has been increased compared to that of orientation A
can be explained by the intrusion of the participant into the PSD during
the regular operation of the robot. Further, the screwing task of or-
ientation B took 10 seconds longer on average than orientation A. Ac-
cording to the comment from the participants, they felt unsettled when
the robot halts and it made their tasks were less productive until they
completely moved away from the allowable safety distance.

The results from the orientation A group indicate that the cycle time
when using the 3D sensor as a safety-related sensor can be decreased in
terms of reducing the time cost for the moving task. However, the result
of the orientation B group shows that the cycle time can rather increase
with frequent access to the PSD. It can be interpreted as more attention
should be given to an estimation of potential intrusion in the process
designing stage. Therefore, it is important to configure and utilize the
appropriate layout even if the separation distance between the human
and the robot is shortened because of the 3D sensor.

5.2. Comparison of floor space and potential contact scenarios

The result of Table 3 shows the shop floor space benefits when
shifting from a 2D sensor to a 3D sensor. First, it can be known that FS is
largely reduced when using the radio wave sensor for both orientations
A and B compared to that of the laser scanner from Table 3. The main
reason for the FS is decreased is mainly due to the configuration of the
intrusion distance is diminished when using the radio wave sensor.
Conversely, when using the radio wave sensor, the FS of orientation B

Fig. 16. Runaway margin −RS Sp p of each body part of the participants ac-
cording to the relative orientation between the human and the robot when
using a radio wave sensor as the safety-related sensor.

Fig. 17. Simulation result using one cycle sample of the battery assembling task
conducted by one of the participants in the layout of orientation A. Robot arm
length and the maximum joint torque were scaled based on the physical
parameters of VS-060.

Fig. 18. Velocity boundary of the robot end-effector and expected transfer
energy to the subject when using the radio wave sensor as the safety-related
sensor for orientation A, where vrel is the relative speed between the end-ef-
fector and the human right hand, and vp is the permissible velocity limit cal-
culated based on dynamic properties of the robot.
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decreased less than that of orientation A. Considering that the decrease
of the mean separation distance of both orientations A and B were si-
milar, this is thought to be due to the difference of the moving range of
the operator caused by the difference of the layout, such as the direction
of the battery displacement.

While 3D sensors allow higher efficiency, it is important to secure
the operator safe taking into account potential contact scenarios. Due to
the conventional 2D sensors force the HRC system to consider addi-
tional intrusion distance into the PSD, the probability of contact be-
tween the robot and the human due to the malfunction of the robot has
little been discussed. However, the comparison of FS shows that the
workspace sharing HRC task may result in physical contact since the
separation distance between the human and the robot has been de-
creased below the length of the human arm (850 mm). Considering the
range of the human arm motion and that of the robot when using the 3D
sensors, the risk of physical contact may not be ignored during the
malfunctioning state of the robot or the foreseeable misuse of the
human side.

Another to be mentioned is that FS only evaluates only the move-
ment of the operator’s body. In practice, required shop floor space
comprises space occupancy of the robot as well as the human operator.
In the present study, the shop floor space of the end-effector of the robot
was 0.09m2, which is expected that other applications will show dif-
ference (Fig. 12). Thus, in a strict manner, a proper evaluation of shop
floor space should include the whole movement of the robot arm during
the task scenario.

5.3. PRAM-T and effect of relative human and robot orientation

As shown in Fig. 16, the mean runaway margin −RS Sp p of or-
ientation B was smaller than that of A for all of the measured body
parts. The set of runaway accelerations of most commercially available
vertical articulated robots, including the VS-060 used in this experi-
ment, can be expressed as an ellipsoid through the DME, and the main
axis tends to be formed in the frontal direction of the robot. In the same
context, the reason why the volume of PRAM-t for the case of or-
ientation A was larger than that of B was that orientation A was more
affected by the frontal main axis of the acceleration ellipsoid than B. In
the experiment, although the increment of the PSD due to PRAM-t was
estimated to be smaller than 6 cm, it may increase depending on the
acceleration/deceleration performance of the robot, the reaction time
of the robot, and the traveling speed of the robot. Especially, from the
result of Fig. 17, it can be known that the acceleration of the robot in
the runaway state is proportional to the power of the motor. On the
other hand, acceleration in the runaway state had a negative relation-
ship with the increase of the robot arm length which can be explained
by increasing the length of the arm can make the inertia matrix bigger.
However, considering the mass of the robot arm may also increase
according to the length of the arm gets longer, changing the reach of the
robot might affect more than the result shown in this study.

5.4. Relationship between transferred energy and robot speed when using
speed and separation monitoring

In the case where the probability of collision is not ignorable but its
severity of contact is acceptable, minor contact may also be con-
ditionally acceptable in terms of risk assessment. For example, as shown
in Fig. 18, it can be seen that only the calculated transfer energy around
180 s has a higher value than that of the suggested biomechanical limit.
During the HRC scenario where the SSM and PFL are both im-
plemented, the robot may not stop its task necessarily but strictly follow
the permissible velocity limit derived by expected transfer energy even
though the PSD is violated. It should be noted that the presented study
includes limitations such as not considering the effect of the inertia of
the effective mass which can make the expected transfer energy bigger
especially during the high-speed control of the robot. Nevertheless, it is

thought that the proposed framework can link between SSM and PFL to
design and control robots for a higher level of safety and productivity.
In order to realize the fusion of plural safety functions in unstructured
environments, practice insights are fundamental, such as on-robot
sensing techniques and point of interest analysis of the robot end-ef-
fector.

6. Conclusion

In this study, two relative postures of the operator and the robot
were examined to estimate potential runaway motion of the robot—-
frontal orientation (A), and perpendicular orientation (B). From the
result, it was found that the volume of potential runaway motion space
for the case of orientation A is larger than that of B because orientation
A is more affected by the main axis of the acceleration ellipsoid than B.
Therefore, in order to reduce the runaway distance, it is effective to
avoid the frontal arrangement of robots and humans.

Considering the basic concept of risk, it is reasonable to take the
severity of contact into the SSM function. In this respect, expected
transferred energy was used to calculate the maximum permissible
velocity of the robot assuming potential contact based on the dynamic
properties of the robot and the biomechanical limit of human injury.
The proposed framework is thought to be useful to link between SSM
and PFL to design and control robots for a higher level of safety and
productivity.
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