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ABSTRACT Ensuring human safety in human–robot collaboration is an active research topic. This paper
newly presented that momentum is a quantification parameter to estimate slight injury, and 14.6 N·s was
considered as a threshold of the slight injury onset level. Based on this finding, a momentum observer-
based control strategy for securing the safety of human body parts in the clamping scenario was originally
proposed. The momentum observer and motion reshaping provided a momentum-limit function, helping to
avoid the risk associated with the momentum exceeding the threshold. The part of the estimated external
momentum that exceeds a predetermined momentum threshold is transformed into a motion trajectory to
reshape the command motion and limit the external momentum under the injury onset criterion. Clamping
experiments were conducted using a manipulator with seven degrees of freedom and a dummy with high
biofidelity. The experimental results show that the external momentum was successfully limited under the
momentum threshold that was set as 10 N·s, and a 5 N contact force was reduced to 0 N in the clamping
situation. The study exhibits that the proposed control strategy can help avoid the risk of the momentum
exceeding an injury onset threshold when the human body part is clamped and can effectively release the
human body part in a clamping scenario.

INDEX TERMS Control strategy, momentum injury onset criterion, safety, clamping, human–robot
collaboration.

I. INTRODUCTION
Human–robot collaboration systems for manufacturing are
in great demand [1] because the combination of humans
and robots enhances efficiency as well as production flexi-
bility [2], [3]. However, humans and robots are required to
share the same physical environment, significantly increasing
the probability of physical human–robot interaction (pHRI)
[4]. Therefore, ensuring human safety in human–robot
collaboration has become an active research topic. The pHRI
can be divided into pre-contact, under-contact, and post-
contact stages. The contact can be predicted and avoided
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in the pre-contact stage, and human safety is secured by
detecting and attempting to release the contact in the under-
contact stage.

New technologies have emerged to predict and avoid
contact by recognizing and modeling the robot’s work
environment with human operators. Zhdanova et al. [5] pro-
posed an algorithm to recognize actions of human operators
using machine vision systems. Unhelkar et al. [6] proposed
a semi-supervised algorithm to learn models of human
behavior. El-Shamouty et al. [7] presented a framework
using Deep Reinforcement Learning to comprehend the
environment to make the robot complete a collision-free
motion. In [8], the cyber physical system was used to
evaluate the safe distance and trigger collision preventive
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actions. However, these studies have not been extensively
applied to industrial manipulators, and their reliability needs
to be improved. In a relatively traditional manner, radio
wave sensors [9], laser scanner sensors [10], and inertial
measurement units [11] have been used to stop or slow down
the manipulator when the human body part that enters the
working range of the robot is detected. The methods for
predicting and avoiding contact in the pre-contact stage keep
the distance between human workers and robots and reduce
the motions of robot, which makes the collaboration difficult.

Safe contact in the under-contact stage should be permitted
to make human operators and robots closer to make
collaboration much easier. The conventional method involves
measuring and regulating the contact force to restrict the
movement of the manipulator. Active stiffness control [12],
[13] was proposed to address a peg-in-hole task in the
assembly, and it can be used to reduce the contact force due
to a spring property assigned to the end effector. Impedance
control [14] is regarded as an extension of the active stiffness
control as the virtual impedance assigned to the manipulator
is extended as a mass-spring-damper model from a spring
model [15]. The virtual impedance can be adjusted to regulate
the contact force [16]. However, optimizing the impedance
parameters requires the mechanical properties of the human
body part. Additionally, the contact force detection loses
efficacy if the contact occurs with the links of the manipulator
but not with the force sensor on the end effector [17], [18].
Conventional studies on securing human safety were

achieved by adding reaction movement to the manipulator
after detecting contact. A pioneering work on safety-oriented
control methods was proposed by Yamada et al. [19], [20].
The manipulator was designed to stop if the contact force
estimated by the observer exceeds the pain tolerance deter-
mined through contact experiments with human subjects.
Haddadin et al. [21], [22] also mentioned a similar strategy
for a safe stop in cases where a torque observer detected
the collision. Aivaliotis et al. [23] proposed a method for
observing the current of each motor to limit the contact
force. Moreover, a stop function is required by a technical
specification ISO/TS 15066 [24] to limit the contact force to
a safe zone. However, the force-limit method cannot regulate
the contact force in the post-contact period and remains the
contact force in a clamping situation such that the compressed
human body part cannot escape from the clamping situation.
Reaction strategies related to gravity compensator, inertia
reduction, and admittance control were compared in [21]
and [22]. However, the contact force may exceed a criterion
if the remaining kinematic energy of the manipulator is large.
In [25], the reaction motion for the manipulator was designed
as a backward motion against the direction of the observed
external toque, but a compositive control method was not
presented.

As safer considerations, a more intrinsic mechanism to
secure human safety is necessary than equipping a robot
with additional sensors, which needs observers to monitor

the contact force to replace or cooperate with force sensors.
Securing safety only by stopping the robot is one-sided
because the human side, unlike the robot side, cannot stop
immediately. Based on the above analysis, this study proposes
a momentum control method to compensate for the shortage
of existing safety control methods by realizing the safety
securement on the level of momentum.

This study reveals that the physical quantity of momentum
is appropriate as a quantification criterion to estimate a
slight injury onset level. Although Haddadin et al. [26]
conducted collision experiments and showed that the mass
and maximum velocity of the impactor correlated positively
with the injury level, the concept of momentum has not taken
shape. On the other hand, the momentum controller proposed
by Ohnishi et al. [27], [28] was to examine the effectiveness
and stability when the manipulator passes through singularity
points. However, it lacks functions such as monitoring and
reaction for the collision, which is unrelated to the safety-
oriented control. This study first shows the usage of the
momentum controller for safety, and a modified version is
also proposed. The key point for securing safety is to limit
the external momentum that denotes the integral of contact
force within the momentum injury onset criterion. For this
purpose, this study also presents a momentum observer to
monitor the external momentum. To the best of the authors’
knowledge, there is currently no proposal of observers for
estimating momenta. In contrast, observers based on gen-
eralized momentum were proposed to estimate the external
torque and detect collisions. The earliest study was presented
by Luca et al. [29], in which the actuator failure was detected
by a first-order state extended observer based on generated
momenta to avoid using the acceleration that may not be
measurable. This technology was employed for detecting
collision by estimating the external torque in [30], [31] and
was extended into a second-order state extended observer
in [25], [32]. The extended state observers based on momenta
were summarized in [33]. Joint frictions were identified
in [34], [35], and the slide mode method was developed
in [36], [37] to enhance performance estimation. This type
of observer should be referred to as a ‘‘momentum-based
observer’’ rather than a ‘‘momentum observer’’ because the
observer does not estimate momentum, rather the residual
torque (that is, the external torque generated by the contact
force). The observer proposed in this study shows essential
differences in structure and purpose.

In summary, the originality of this study is that it proposes
momentum control necessary to ensure safety. It is newly
shown that the physical quantity of momentum is appropriate
as a quantification criterion when considering the occurrence
or non-occurrence of a slight injury as a limit of intrinsic
safety. Furthermore, the momentum observer is incorporated
as part of the control strategy to provide a momentum-limit
function that forces the manipulator to retreat from a contact
regardless of whether this contact is passive or positive for the
manipulator. This control strategy is expected to be integrated
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into the industry manipulators to accelerate the human-robot
collaboration.

II. MOMENTUM-BASED CONTROL STRATEGY
A. MOMENTUM CRITERION FOR INJURY ONSET LEVEL
The safety of human soft tissue has been discussed based
on the contact force, pressure, supplied energy, and criteria
related to the vehicle industry. However, momentum has been
omitted as an important physical variable in the dynamic
system. This section shows the relationship between the
momentum and the occurrence of ‘‘slight injury’’ in the
impact on the porcine soft tissue. The analysis result was
based on the experimental data in the study [38] that include
the contact force and velocity of the impactor in time series as
well as the label showing the occurrence or nonoccurrence of
slight injury in each trial. The experimental method and the
estimation of slight injury are detailed in [38].
The computation of momentum was conducted by taking

an integral of the contact force along the time over the entire
contact process. The result is depicted in Fig. 1. All points
with momentum less than 5 N·s were ‘‘no slight injury’’,
whereas all points with momentum greater than 25 N·s were
‘‘slight injury’’. When the momentum was between 5 and
25 N·s, both ‘‘no slight injury’’ and ‘‘slight injury’’ were
present. A logistical regression model shown in (1) was used
to determine the probability of the occurrence of slight injury.

p =
1

1 + e−(L−β1)/β2
, (1)

where p denotes the probability of the sight injury occurrence,
L the momentum, and β1 and β2 the parameters to be
optimized.

In curve fitting, the weights for the points with momentum
less than 5 N·s and greater than 25 N·s were set to a
large value of 100 because the probabilities of slight injury
nonoccurrence and slight injury occurrence were considered
large, respectively. In contrast, the weights for the points
with momentum between 5 and 25 N·s were set to a small
value of 1. This setting resulted in a logistical regression
curve with β1 = 67.7 and β2 = 3.7, as shown in Fig. 1.
As observed, 14.6 N·s can be considered as an injury onset
threshold defining a slight injury onset with 10% in this case
by which the risk of causing slight injury is acceptable, that
is, safe. We conclude that momentum can be a criterion for
estimating whether a slight injury occurs.

B. DYNAMICS OF MANIPULATOR
Without loss of generality, a positive integer n is used to
represent the number of degree of freedom (DOF) of a
manipulator. The dynamic model of an n-DOF manipulator
can be expressed in the following canonical form:

τ = M (θ) θ̈ + C
(
θ, θ̇

)
θ̇ + g (θ) , (2)

where θ ∈ Rn denotes the vector of the angular position,
M (θ) ∈ Rn×n the inertia matrix, C(θ, θ̇) ∈ Rn×n the
Coriolis and centripetal matrix, g (θ) ∈ Rn the gravity

FIGURE 1. Relationship between momentum and probability of slight
injury occurrence.

vector, and τ ∈ Rn the net torque vector. According to the
Lagrange formulation [39], (2) can be rewritten as follows:

τ =
d
dt

(
Mθ̇

)
−

∂

∂θT

[
1
2
θ̇TM (θ) θ̇

]
+ g (θ) . (3)

According to [29], the second term on the right-hand side
of (3) is related to C(θ, θ̇) as

∂

∂θT

[
1
2
θ̇TM (θ) θ̇

]
= CT(θ, θ̇

)
θ̇, (4)

and the joint-space momentum Mθ̇ in (3) is related to the
operational-space momentum Mẋ as follows:

Mθ̇ = JT Mẋ, (5)

where M ∈ R6×6 and ẋ ∈ R6 denote the mass matrix and
velocity of the end effector, respectively, and J ∈ R6×n is
the Jacobian matrix. Therefore, (3) can be rewritten as

τ =
d
dt

(
JT Mẋ

)
− CT(θ, θ̇

)
θ̇ + g (θ) . (6)

The net torque vector τ ∈ Rn in (3) and (6) is a
superposition as

τ = τref − τext − τdis, (7)

where τref ∈ Rn is the reference torque generated by the
controller, τdis ∈ Rn the disturbance including noise, and
τext ∈ Rn the torque contributed by the contact force Fext ∈

R6. The relationship between τext and Fext is

τext = JTFext. (8)

Subsequently, the external momentum Lext ∈ R6 is defined
as the integral of the contact force as follows:

Lext =

∫
Fextdt. (9)

The matrices M̂ and Ĉ along with the vector ĝ denote
the estimation of M , C, and g and are computed using a
modified Newton–Euler recursion method, referring to [40].
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C. CONTROL STRATEGY
The proposed control strategy in this study adjusts the
external momentum below the momentum injury criteria.
Therefore, developing an external momentum observer is
convenient if the momentum signal can be included in
the main control loop. The momentum controller with
compensator is as follows:

τref =
d
dt

(
JTLref

)
− ĈT(θ, θ̇

)
θ̇ + ĝ(θ), (10)

Lref = M̂

∫ (
Kp e+ Kd ė+ẍcmd

)
dt+L̂ext, (11)

e = xcmd − x, (12)

where x ∈ R6 denotes the position and orientation of the
end effector, xcmd ∈ R6 the command trajectory in the
operational space, e ∈ R6 the error term, and M̂ ∈ R6×6

the estimation of M . Matrices Kp, Kd ∈ R6×6 are
diagonal and denote the proportional and derivative gains,
respectively.

The external momentum is defined as a variable repre-
senting the integral of the contact force as shown in (9),
and a second-order observer is proposed to estimate it. The
structure of the observer is as follows:

L̃ = Lref − M̂ẋ, (13)

F̂ext = K1

∫ (̃
L−L̂ext

)
dt+ K2

(̃
L−L̂ext

)
, (14)

L̂ext =

∫
F̂extdt, (15)

where K1, K2 ∈ R6×6 denote the gain matrices, and F̂ext
represents the estimated contact force.

The command trajectory is reshaped to adjust and limit
the external momentum below the momentum injury onset
threshold. The momentum in the estimated external momen-
tum Lext that exceeds the momentum injury onset threshold
Lindex is defined as Ladj, which is expressed as follows:

Ladj =

{
0, L̂ext ≤ Lindex

L̂ext − Lindex, L̂ext > Lindex
. (16)

The reshaped command trajectory xrsp is the updated
command for the controller:

xrsp = xcmd −

∫
M̂invLadjdt, (17)

where M̂inv is the inverse of the estimated mass matrix M̂ .
Owing to the motion reshaping, the command trajectoryxcmd
in (11) and (12) is replaced by the reshaped trajectory xrsp.
Thus, (11) and (12) are then expressed as follows:

Lref = M̂

∫ (
Kp e+ Kd ė+ẍrsp

)
dt+L̂ext, (18)

e = xrsp − x. (19)

Normally, the estimated mass matrix M̂ is calculated
using the inverse of the Jacobian matrix as M̂ =

J−TM̂J−1. However, knowing that the inverse of the

estimated mass matrix M̂inv is needed in (17), M̂ can be
obtained by taking the inverse of M̂inv. The matrix M̂inv is
obtained as follows:

M̂inv = JM̂−1JT , (20)

and the matrix M̂ is then obtained by

M̂

=


[
M̂inv+

(
µ −det

(
M̂inv

)
I
)]−1

, det
(

M̂inv

)
<µ(

M̂inv

)−1
, det

(
M̂inv

)
≥µ,

(21)

where µ is a threshold value for making the inverse
computation realizable if the determinant of M̂inv is nearly
zero when the manipulator moves close to the singularity
points, and I ∈ R6×6 is an identity matrix.

Equations (10) and (13)–(19) are illustrated in the block
diagram of Fig. 2. The entire control strategy is summa-
rized in three parts: controller loop, momentum observer,
and motion reshaping. The controller converts the signal
generated by a proportional–derivative (PD) controller into
the operational-space momentum by pre-multiplying M̂ ,
into the joint-space momentum by pre-multiplying JT ,
and then into the torque signal by taking a derivative.
The momentum observer estimates the operational-space
external momentum, which is fed into the controller loop
to compensate for the external momentum to enhance
the stiffness of the PD controller. The motion reshaping
limits the momentum reference Lref within a momentum
injury onset threshold. Specifically, the part in the estimated
external momentum that exceeds the momentum injury onset
threshold is transformed into a motion signal to modify the
command motion trajectory. This is based on the property of
the momentum variable: momentum is the product of mass
and velocity, as well as the integral of force.

D. PERFORMANCE ESTIMATION
The error dynamics is obtained by combining (6)–(10), (18),
and (19), as follows:

e =
s

s2+s Kd+ Kp
M̂−1

(
Lext−L̂ext+η

)
, (22)

where η is

η =

(
M − M̂

)
ẋ

+ J−T
∫ [

−

(
CT

−ĈT
)
θ̇+

(
g−ĝ

)]
dt

+

∫ (
J̇−T

∫
JTFextdt

)
dt+J−T

∫
τdisdt. (23)

On the right-hand side of (23), the first two terms are the
modeling errors, and the last term is the noise. The third term
can be neglected because the derivative of the Jacobianmatrix
J̇ approximates a null matrix if themanipulator moves slowly
or stops moving.
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FIGURE 2. Block diagram of safety-oriented control strategy. Block A (light blue) is the controller loop, block B (light green) the momentum observer,
block C (light red) the motion reshaping, and block D (light gray) the dynamics of the manipulator and environment.

The momentum variable is included in the controller loop
as a reference signal for the motors. By compensating for
gravity along with a part of the Coriolis and centrifugal
forces, the external momentum can be simply estimated by
subtracting the momentum contributed by the manipulator
motion Mẋ from the reference momentum Lref, as shown
in (13). Combining (7)–(10) and (13)–(15), the relationship
between L̂ext and Lext is expressed as follows:

L̂ext =
s K2 + K1

s2 + s K2 + K1
(Lext + η) . (24)

The transfer function containing matrices K1 and K2 can
be regarded as a second-order low-pass filter. Therefore,
the estimated external momentum is a filtered signal of the
external momentum by this second-order low-pass filter. Due
to the presence of η in (24), it is concluded that the modeling
error is the main factor affecting the estimation accuracy.

In our previous study [41], the momentum observer had the
following form:

L̂ext =
K1

s2 + s K2 + K1
(Lext + η) . (25)

Comparing (24) and (25), the performance of the momentum
observer is improved by adding the term s K2 to the
numerator of the transfer function.

The effect of motion reshaping is discussed by analyzing
the reference signal. Combining (6)–(10), (17), and (19), the
reference momentum Lref becomes

Lref = M̂ẋcmd + Lext − Ladj + η − M̂ė. (26)

When themotion-reshaping function works and the estimated
external momentum exceeds the injury onset threshold, Ladj

is computed as the second condition of (16). Therefore, (26)
can be written as

Lref = M̂ẋcmd+Lindex+Lext−L̂ext+η− M̂ė

≈ M̂ẋcmd+Lindex, (27)

where the termLext−L̂ext is approximately zero, considering
that the momentum observer performs well, and the terms
M̂ė and η are neglected as they are considerably small
compared to the other terms.

III. EXPERIMENT DESIGN
Normally, pHRIs are divided into free-bumping and clamping
types; the latter is the worst case [42]. In a clamping scenario,
the human body part is sandwiched between an approaching
machine and an obstacle such that it cannot escape from such
a hazardous state [42]. A fixing-bolt task can be considered
to be a simple but frequent clamping case of the human–robot
cooperation system. As shown in Fig. 3, a manipulator moves
a nut runner to fix the hexagonal bolts, whereas a human
operator needs to check the state of the bolts and hold the
electric wires to prevent damage. A possible and frequent
hazard is that the human hand is clamped between the nut
runner and the assembly parts. Our proposed control strategy
ensures human safety in such a clamping scenario. To this
end, an experiment was designed to replicate the clamping
cases of the pHRI and to demonstrate the effectiveness of the
proposed control strategy.

A. REDESIGNING OF CRANE-X7 MANIPULATOR
In the experiment, the CRANE-X7 manipulator (RT Corp.,
Japan) was employed to test the effectiveness of the proposed
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FIGURE 3. Fixing-bolt task work in the human–robot cooperation system.

TABLE 1. Geometric parameters of the redesigned CRANE-X7
manipulator.

control strategy. CRANE-X7 has eight rotational joints, and
its end effector is a two-finger gripper actuated by the eighth
joint. However, the end effector was changed from the gripper
to an impactor to fit the clamping experiment. The impactor
was designed as a hexagonal prism to mimic the end tip of a
nut runner, and its intersecting surface was a hexagon with a
circumradius of 3 mm, as shown in Fig. 4(a). The impactor
was fixed to the rotor of the seventh motor using two flanges.
Therefore, the redesignedCRANE-X7manipulator had seven
DOFs.

The Denavit–Hartenberg (DH) convention method was
used to describe the geometric structure of the modified
CRANE-X7 manipulator. The geometric description is
shown in Fig. 4(b). The base frame is denoted by 0, whereas
the frame for the ith joint is denoted by i. Frames 1 and
2 have the same origin, and likewise for frames 3 and 4,

and frames 5 and 6. The geometric parameters are listed in
Table 1. ai denotes the distance between origins of the frames
i−1 and i along axis xi−1, and αi denotes the angle between

the axes zi−1 and zi about axis xi−1. di denotes the distance
between origins of the frames i−1 and i along axis zi, and
θi denotes the angular position of the ith joint. Establishing a
kinematic model by the DH method through homogeneous
transformation matrices is detailed in [43]. The parameter
settings and motion commands were the same for all the three
patterns.

B. EXPERIMENT SETUP
The experimental setup is shown in Fig. 5. A urethane dummy
was used as a substitute for human soft tissue owing to
ethical considerations: unexpected instability may appear
in the development stage of the control strategy, and the
instability can cause hazardous contact with the human soft
tissue. However, the feasibility of the control strategy can be
guaranteed by using our developed dummy because it has an
impedance highly similar to that of the human soft tissue,
referring to our previous studies [44], [45]. A six-axis force
sensor (WEF-6A200-4-RCD, WACOH-TECH Inc., Japan)
measured the contact force and wrench along the x-, y-,
and z-axis. The manipulator was fastened to a workbench.
Consequently, the workbench, plate, six-axis force sensor,
another plate, and dummy were fastened to each other in the
mentioned sequence.

The contact point was set at (320.43, 0, 70) mm in the
base coordinate. It was located at the center of the upper
surface of the dummy and on the centerline of the force
sensor. The initial posture of the manipulator was set as 0◦,
−20◦, 0◦, −90◦, 0◦, −70◦, and 0◦ for joints one to seven.
At the beginning of the motion, the end effector was kept at
the initial position and posture for 2.2 s. Later, it was moved
downward along the −z direction to contact and compress
the dummy. Finally, the test was terminated after the end
effector was maintained at a compressive displacement of
10 mm for 5 s. The posture of the end effector and its position
on the x- and y-axis remained unchanged. The velocity was
set to 250 mm/s, the maximum velocity recommended in
the ISO/TS 15066 document [24] for the machine to contact
human soft tissue. The blue curve illustrates the motion
trajectory command in Fig. 8. Three patterns were designed
as follows:

• Pattern I. Only the controller (block A in Fig. 2),
but no motion reshaping and compensation from the
momentum observer.

• Pattern II. The controller and compensation from the
momentum observer (blocks A and B in Fig. 2), but no
motion reshaping.

• Pattern III. The controller, compensation from the
momentum observer, and motion reshaping (blocks A,
B, and C in Fig. 2).

In this setting, the effectiveness of the momentum observer
was shown by comparing the results of Patterns I and II,
and the effectiveness of the motion reshaping was shown by
comparing the results of Patterns II and III.

The settings of the gain matrices Kp, Kd, K1, K2,
momentum injury onset thresholdLindex, and thresholdµ are
listed in Table 2. The kernel of the momentum controller is
a PD controller, hence the gain matrices Kp and Kd of the
momentum controller have an influence on the tracking errors
similar to those of the PD controller. A large Kp results
in instability, whereas a small Kp causes large tracking
errors. Kd can enhance tracking performance; however,
a small Kd is necessary because it enlarges the noise
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FIGURE 4. (a) Hexagonal prism impactor as the end effector of the redesigned CRANE-X7 manipulator. The impactor was attached to the rotor of the
seventh motor using two flanges. The bottom right image shows the intersecting surface (or left view) of the impactor as a hexagon with a
circumradius of 3 mm. (b) Geometric description of the modified manipulator using the DH method.

FIGURE 5. Experiment setup. Joints one to seven are 0◦, −20◦, 0◦, −90◦, 0◦, −70◦, and 0◦, which comprise the initial posture in the downward motion.
The red point on the upper surface of the dummy represents the contact point.

TABLE 2. Parameter settings.

in the differential of angular position. In the experiment,
Kp and Kd were determined by trial and error. The gain
matrices K1 and K2 determine the cutoff frequency of the
momentum observer, and a 2.76 Hz cutoff frequency was set
in the experiment. This experiment examined whether the
control strategy can provide a performance on limiting the
external momentum under a threshold; thus, the momentum
injury onset threshold Lindex was arbitrarily set to 10 N·s.

IV. EXPERIMENT RESULT
The position and orientation tracking errors are shown in
Fig. 6. Errors had similar variations: approximated 0 for

0–2.2 s, increased during 2.2–2.5 s, and attained a stable
value from 2.5 s onward. The variation of tracking errors is
summarized in TABLE 3. Comparing Figs. 6(a) and 6(c), the
steady-state error on the z-axis was −3 mm in Pattern I but
was suppressed to 0 mm in Pattern II. The steady-state error
on the x-axis decreased from −1 mm to 0.5 mm. A constant
steady-state error of approximately −1 mm was obtained
on the y-axis in Patterns I and II. Feeding the estimated
external momentum decreases the steady-state potion errors
on the x- and z-axis but shows low effectiveness on the y-axis.
Comparing Figs. 6(b) and 6(d), a maximum instantaneous
error of approximately 1.432◦ (0.025 rad) was obtained
on the y-axis, whereas a maximum steady-state error of
approximately 0.573◦ (0.01 rad) was obtained on the x-axis.
Feeding the estimated external momentum decreases the
steady-state orientation error on the z-axis. However, low
effectiveness was obtained on the x- and y-axis.
A comparison between the observed andmeasured external

momenta is presented in Fig. 7. The measured external
momentum means the integral of the measured contact
force by the force sensor. For brevity, only the external
momentum on the z-axis is shown, that is, the third
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FIGURE 6. Tracking error of Patterns I and II.

component of the vector L̂ext and the integral of the measured
contact force on the z-axis. The observed momentum was
close to the measured value for both Patterns II and III.
The momentum observer performed well in estimating the
external momentum.

The estimation error appeared from 0 to 2.4 s in both
Patterns II and III and from 4.5 to 7.5 s in Pattern III. However,
as the measured external momentum increased, the estimated
external momentum increased in advance compared to the
measured one.

The reshaped motion command is illustrated in Fig. 8(a).
The motion command was set as 60 mm from 2.5 to
7.5 s; a compressive displacement of 10 mm was maintained
for 5 s. The estimated external momentum increased from
2.5 s owing to a positive contact force and exceeded the
predetermined momentum injury onset threshold of 10 N·s
at approximately 4.4 s, as shown in Fig. 8(b). The
motion-reshaping function was triggered at 4.4 s, and
the reshaped motion command increased to approximately
74 mm at 4.5 s. The position of 74 mm was higher than
the contact point at 70 mm. That is, the impactor moved
backward along the z-axis and departed from the dummy.
This result coincides with the observations in Figs. 7(b)
and 6(b) corresponding to a contact force of 0 N and a
constant external momentum, respectively.

V. DISCUSSION
A. CONTROLLER LOOP
The controller loop kept the stability of the manipulator, and
the motion trajectory tracking was realized. The momentum
controller with compensation −ĈT(θ, θ̇)θ̇ + ĝ(θ), was

stable in a gravity and contact environment, consistent
with the finding in [46] that a PD controller with a
gravity compensator performs well in a nonexternal force
environment.

A steady-state error exists without an integral term in
the PD controller in a contact environment or when the
manipulator is subjected to an external force. As shown
in (18), the momentum controller includes a proportional and
derivative term but lacks an integral term to eliminate the
steady-state error.

In a contact situation, the external momentum Lext is the
main factor because it is significantly larger than the term
η. The estimated external momentum Lext is equal to zero
when there is no compensation from the estimated external
momentum. The terms Lext and η in (22) are neglected to
analyze the error in Pattern I. According to the final-value
theorem, the tracking error e converges to a steady-state
phase as K−1

p M̂−1Fext, indicating that a steady-state error
exists due to the contact force.

When the momentum observer performs well, the
estimated external momentum approximates the external
momentum, L̂ext ≈ Lext. Therefore, the estimated
value compensates for the external momentum, and the
steady-state error is suppressed by feeding the estimated
external momentum L̂ext into the main loop. The term
Lext − L̂ext in (22) is neglected to analyze the errors in
Patterns II and III, whereas the term η is retained and
becomes the main factor. The steady-state phase of the
tracking error e becomes K−1

p M̂−1η̇, implying that the
steady-state error is mainly related to the modeling error and
noise.
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FIGURE 7. Comparison between the observed and measured external momenta. For brevity, the external momentum along the z-axis is shown. The
results of Patterns II and III are shown in (a) and (b), respectively.

FIGURE 8. Reshaped position command and contact force of Pattern III. (a) Position command, reshaped position command, and position reaction along
the z-axis. (b) Contact force along the z-axis measured by the force sensor.

TABLE 3. Description of tracking errors.

In Pattern I, the contact force had the largest magnitude
along the z-axis when the impactor was moved to contact
and compress the dummy along the z-axis, resulting in the
largest steady-state error along the z-axis. Before the impactor
contacts the dummy or when the impactor compresses the
dummy, a small orientation error can cause the compression
direction to deviate from the z-direction. Therefore, the
impactor was also subjected to the contact force along the x-
and y-axis, and a steady-state error was obtained along the x-
and y-axis.
Comparing Patterns I and II, the steady-state position

error on the x- and z-axis decreased, and the steady-state

orientation errors on z-axis was also reduced. It is concluded
that feeding the estimated external momentum suppressed
the steady-state error. A constant steady-state error of
approximately −1 mm was obtained on the y-axis in Patterns
I and II. This constant error may be attributed to the modeling
error.

It should be noted that each motor actuating the CRANE-
X7 manipulator has a backlash of 0.25◦ according to the
specifications of the motors. This factor may affect the
steady-state orientation and position errors. The backlash
problem is considered as a type of modeling error but is not
included in (23).
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B. MOMENTUM OBSERVER
Fig. 7 shows the in-advanced estimation performance of
the improved observer, which is opposite to the delay
performance in our previous study [41]. When the estimated
external momentum reached the predetermined momentum
threshold, the motion reshaping was triggered to limit the
estimated external momentum to a smaller value than the
momentum threshold; that is, L̂ext ≤ Lindex, as observed
in Fig. 7(b) at approximately 4.5 s. It was shown in [41]
that the delayed performance made the estimated external
momentum slightly exceed the measured one when the
motion reshaping was triggered. However, this study shows
that the in-advanced performance guarantees L̂ext ≤ Lindex
all the time. As a result, the safety performance is enhanced
as the measured external momentum is limited much
better under the estimated one. In addition, the in-advance
estimation performance is due to the modification of the
transfer function: adding the term s K2 is equivalent to
adding the term s K2(s2 + s K2 + K1)−1Lext to the
estimated external momentum L̂ext to increase it.

C. MOTION RESHAPING
The reference momentum Lref is used to power the manip-
ulator to realize movement and resist contact forces. In a
contact situation, Lref can be divided into three parts: the
momentum contributed by movement M̂ẋcmd, momentum
injury onset threshold Lindex, and momentum over the
injury onset threshold Ladj, as shown in (26). The first
part M̂ẋcmd ensures that the manipulator moves along the
command trajectory. Contact is limited within the momentum
injury onset threshold to guarantee the safety of the human
soft tissue; therefore, the second part Lindex is permitted
but the third part Ladj needs to be eliminated. As shown
in (17), Ladj denoting the momentum over the injury onset
threshold is transformed into a velocity signal as M̂invLadj.
Specifically, part of the estimated external momentum that
exceeds the momentum injury onset threshold is transformed
into a trajectory motion signal to reshape the original
motion command. Equation (27) shows that motion reshaping
eliminates momentum over the injury onset threshold Ladj.
Therefore, the external momentum is bounded in a safe zone,
Lext ∈ [0, Lindex]. The experimental results in Fig. 7(b) show
that the motion reshaping method successfully limited the
external momentum below the injury onset threshold.

D. ADVANTAGES
In our previous study [41], simulation tests were conducted
to demonstrate the effectiveness of the proposed control
strategy, and a delay in the estimated external momentum
reduced the safety performance. As an extension of the
previous study, the present work overcomes the limitation
of the momentum observer by changing its structure, and
validates the feasibility of the proposed control strategy on
a 7-DOF manipulator in the worst case of pHRIs, that is, the
clamping scenario.

The momentum controller was proposed by Ohnishi et al.
[27], [28] to show the effectiveness and stability when
the manipulator passes through singularity points, and the
effectiveness was tested on a 2-DOF manipulator in a
gravity-free and noncontact environment. However, this
study first uses the momentum controller for safety and
proposes a modified version. The momentum controller was
modified in comparison to [28] by adding a compensator for
gravity along with a part of the Coriolis and centrifugal force,
represented by ĝ(θ) and −ĈT(θ, θ̇)θ̇, respectively, in (10).
Experimental results showed that the momentum controller
was stable and performed well in trajectory tracking in a
gravity and contact environment.

As (24) analyzed, the momentum observer is designed
as a second-order low-pass filter to denoise the external
momentum. Compared to our previous study [41], the
momentum observer was improved by adding a derivative
term to the numerator of the transfer function. Consequently,
the momentum observer exhibited an in-advance estimation
performance such that the measured external momentum
was more limited than the estimated external momentum.
This improvement enhanced the safety performance of the
proposed control strategy.

The proposed control strategy provides a safety function
for limiting external momentum under the momentum
injury onset threshold. Such a safety function can be
realized by setting a saturator inside the controller to limit
the momentum reference signal. However, stability is not
guaranteed because the saturated reference signal may lose
its ability to adjust the tracking error. This study presents a
motion reshaping method placed outside the controller loop
to keep the controller stable and realize the momentum-limit
function.

The momentum-limit function exhibits better performance
in the under-contact period than the force-limit method.
The momentum limit means that the integral of the contact
force does not exceed a threshold; that is, the contact
force must become zero or negative when the momentum
reaches the threshold. It should be noted that in a clamping
situation, a negative contact force does not exist if there is no
collision in the direction opposite to clamping. Therefore, the
momentum-limit function reduces the contact force to zero
so that the human body part can be released from a clamping
situation. This analysis is consistent with the results shown in
Fig. 8(b). However, the force-limit method makes the contact
force equal to or smaller than a threshold, such that the human
soft tissue remains firmly constrained.

Motion reshaping was proposed based on the property
of the momentum variable; that is, momentum is equal to
the integral of force or the product of mass and velocity.
As shown by (17), only the mass matrix is used. Owing to
the property of the momentum variable, the proposed control
strategy does not need to identify the mechanical properties
of the human body part, can reduce the contact force to zero
in a clamping situation, and can secure the safety of human
body parts even in a post-contact period.
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In Section II-A, we first show that the physical quantity
of momentum is appropriate as a quantification criterion
when considering the occurrence or nonoccurrence of a slight
injury as a limit of intrinsic safety. This had an advancement
compared with [21], which showed that mass and maximum
velocity of the impactor were positively correlated with the
injury level but no in-depth analysis regarding momentum
were conducted.

E. PERFORMANCE LIMITATIONS
Since the ultimate goal of this study involves human–robot
collision safety, a very low-powered manipulator was used.
An industrial manipulator provides a much larger contact
force compared with the CRANE-X7 manipulator. The
effectiveness of the proposed control strategy needs to
be tested using a high-power manipulator. Moreover, the
proposed control strategy provides a safety function for a
high-DOF manipulator, but the performance of the controller
was not the main goal of the study. The precision of the
controller performance can be enhanced by reducing the
modeling errors and introducing advanced control algorithms
like adaptive control or robust control.

VI. CONCLUSION
This study proposed a control strategy for securing the
safety of human body parts in a clamping situation. It is
shown that the momentum variable is an appropriate criterion
for estimating the occurrence of a slight injury. The
control strategy was developed to provide a momentum-limit
function to help avoid the risk of the momentum exceeding
an injury onset threshold when a human body part is
clamped. Specifically, the control strategy comprises three
parts: the controller loop, momentum observer, and motion
reshaping. The controller loop guarantees operation-space
motion trajectory tracking. The momentum observer was
designed as a second-order filter to estimate the external
momentum that denotes the integral of the contact force. The
estimated external momentum was fed into the controller
loop to eliminate the steady-state tracking error. Based on
the property of the momentum variable, the part in the
estimated external momentum that exceeds the injury onset
threshold is transformed into a motion trajectory to reshape
the command motion and limit the external momentum under
the momentum injury onset threshold. Thus, the momentum
observer and motion reshaping provide a momentum-limit
function, which realizes the securement of safety.

A clamping experiment validated the proposed control
strategy. The end effector of the CRANE-X7manipulator was
redesigned as a hexagonal prism impactor, and a dummywith
high biofidelity was used as a human hand substitute tomimic
the bolt-fixing task. The experimental results showed that the
tracking error was suppressedwithin 2.5mm, and the external
momentum was successfully limited within a predetermined
momentum threshold of 10 N·s. Moreover, a 5 N contact
force in the clamping scenario became 0 N when the external
momentum was limited. The proposed control strategy can

help avoid the risk of the momentum exceeding the injury
onset threshold when the human body part is clamped and
can release the human body part in a clamping scenario.

Owing to ethical considerations, a dummy with high
biofidelity was used to substitute the soft tissue on the
human hand in the clamping experiment. The integral of the
contact force, or the external momentum, as defined in this
study, can be limited under a threshold using the proposed
control strategy. Furthermore, it was difficult to limit the
contact force itself. Future work will focus on combining
the momentum-limit function and force-limit method and
examining the effectiveness of the control strategy on human
soft tissue.
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