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Abstract—We present a method that enhances the safety and
responsiveness of robotic manipulators by employing constrained
Variable Admittance Control (VAC) in conjunction with prox-
imity perception. Recent studies have shown that manipulators
equipped with proximity sensors can effectively avoid nearby
obstacles in real-time. Nevertheless, unavoidable collisions remain
a critical challenge in human-robot interaction (HRI). As a
safety fallback, conventional reactive motion algorithms focus
on obstacle avoidance but often suffer from inefficiency and
disregard collision handling. Our approach integrates proximity-
based pre-contact detection and VAC with QP-based motion
constraints to proactively adjust impedance parameters while
maintaining stable and controlled motion. By dynamically mod-
ulating stiffness and damping in response to sensor feedback,
the system improves both obstacle avoidance performance and
smooth contact handling. Additionally, a passivity-preserving en-
ergy tank mechanism mitigates instability arising from parameter
variations, ensuring robust and adaptive behavior. Furthermore,
experiments involving HRI' demonstrate that the proposed
method ensures both safe avoidance and smooth contact handling.
These results suggest that the proposed approach is highly
applicable to safety-critical tasks in collaborative and industrial
robotic environments.

Index Terms—Reactive and Sensor-Based Planning, Proximity
Sensor, Safety in HRI, Variable Admittance Control, Human-
Centered Robotics.

I. INTRODUCTION

S industrial robots expand beyond structured factory

settings into dynamic environments, the demand for
technologies that enable safe, real-time human-robot collabo-
ration(HRC) has grown significantly [1]. Despite this demand,
HRC is still largely confined to coexistence or sequential
interaction, and true simultaneous cooperation remains elusive
[2]. Genuine cooperation involves humans and robots working
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Fig. 1. Intelligent avoidance and safe contact using proximity sensor in real-
time for safe HRI.

together in the same workspace, often requiring physical
interaction to perform shared tasks. The absence of such
cooperation diminishes both the efficiency and effectiveness of
human-robot interaction (HRI), ultimately limiting the full po-
tential of robotics. To address this challenge, the development
of safe and reliable interaction technologies [2] is essential, as
illustrated in Fig. 1.

Traditional sensing methods, such as force/tactile sensors
[3] and vision systems [4], have significantly contributed to
safety for HRI [5]. However, force sensors lack pre-contact
awareness necessary for proactive responses, while vision
systems face limitations such as occlusions and difficulties
in detecting transparent or dynamic objects, particularly in
close-range scenarios. In contrast, proximity sensors—with
low latency and skin-like properties—can provide rapid pre-
contact information. Unfortunately, existing commercial prox-
imity solutions [6] typically offer only basic responses (e.g.,
stopping the robot) and lack the ability to distinguish between
humans and inanimate objects or to adapt dynamically to
changing situations.

To address these limitations and enable seamless collab-
oration in shared workspaces, this study proposes a real-
time safety-critical control system. Specifically, the approach
introduces a novel reactive motion framework that utilizes
dual-type proximity sensors [7], [8] to achieve real-time pre-
contact detection and effectively differentiate between humans
and inanimate objects. The sensors employed are radial-type,
capable of measuring distances in the frontal region of each
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Fig. 2. Dual-type proximity sensor (a) Sensor configuration (b) Sensing
response, Capacitance increases as a human or metal object approaches,
enabling distance measurement. Inductance decreases for metal but increases
slightly for human presence, allowing for material discrimination.
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Fig. 3. Overview of the proposed control framework. The framework consists
of three major components: constrained VAC, distance sensing, and energy
management system. When an obstacle is detected, VAC generates a safer
path, while the energy management system ensures stability and agility.

unit. They are arranged in an overlapping configuration around
the robot’s links, as illustrated in Fig. 2, thereby eliminating
blind spots and ensuring comprehensive surface coverage.
This setup enables the robot to respond dynamically and
appropriately to various types of obstacles. Fig. 3 outlines
the control framework, whose core is a constrained Vari-
able Admittance Control (VAC) module, supported by energy
tank mechanisms and fuzzy logic as auxiliary components.
This integrated strategy overcomes the limitations of existing
sensor technologies and control algorithms by enabling real-
time pre-contact detection, scenario-adaptive responses, and
effective impact mitigation—ultimately facilitating more ad-
vanced human-robot collaboration. Importantly, unlike prior
methods, the proposed framework simultaneously addresses
both obstacle avoidance and physical collision management.
The remainder of this paper is organized as follows. Sec-
tion II reviews related work on reactive collision avoidance.
Section III introduces variable admittance control integrated
with energy tank mechanisms. Section IV explores the ap-
plication of quadratic programming for safety-critical control.
Section V presents experimental results and discussion. Fi-

nally, Section VI concludes the paper and outlines directions
for future research.

II. RELATED WORKS

Reactive collision avoidance in robotics has progressed from
vision-based approaches employing motion planning [9] to
proximity sensor-based strategies that offer faster response
times and reduced computational load [10]. These strategies
can be broadly classified into the following categories:

1. Geometric Approaches:

Geometric methods are well-regarded for their precision
in motion generation [11]. However, they are typically con-
strained by speed limits (e.g., a maximum of 150 mm/s) and
are unable to fully exploit the real-time advantages offered
by proximity sensors. Furthermore, they are less effective
than vision systems in accurately representing the shapes of
obstacles.

2. Jacobian-Type Approaches: These methods have gained
popularity due to their adaptability and optimization capa-
bilities. Maciejewski and Klein [12] introduced the concept
of the “obstacle avoidance point Jacobian”, which links joint
velocities to obstacle point velocities:

)

Here, q, and ¢, represent the joint position and velocity
vectors in the joint space. . and x, denote the end-effector
configuration and obstacle point in task space, respectively,
while p,, is the closest point on the obstacle to the manipulator
arm. Similarly, the obstacle Jacobian J, relates the velocity
of an obstacle point to the joint velocities.

By applying the inverse of J,, joint velocities corresponding
to a desired trajectory relative to the obstacle point can be
computed. This is analogous to using the (pseudo-)inverse of
the end-effector Jacobian for task-space control. In collision
avoidance, a natural choice is to generate motion away from
the obstacle, as depicted by &, in Fig. 4.

Building on this foundation, Ding et al. [13] demonstrated
obstacle-overpassing motions using a 7-DoF robot equipped
with proximity-sensing cuffs, thereby avoiding the local min-
ima issues often encountered in potential field methods [9].
M’Colo et al. [14] employed capacitive sensors® to enable
a sensing skin capable of avoiding both static and dynamic
obstacles. However, these approaches frequently suffer from
local minima, inefficient avoidance behavior, increased sensing
and computational demands, or inability to reach the intended
goal. Crucially, they often fail to distinguish between humans
and inanimate objects, resulting in inefficient behaviors that
are unsuitable for human-robot collaboration.

In response, recent studies have attempted to combine force
control with optimization to improve either safety [15] or
avoidance performance [16]. Moon et al. [16] further em-
ployed dual-type proximity sensors to enhance responsiveness
and distinguishability. Nevertheless, critical limitations remain.
Most existing approaches cannot distinguish humans from
objects, resulting in slow and inefficient motions. Additionally,
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Fig. 4. Jacobian-type approach. When an obstacle approaches, a cartesian
velocity vector &g is generated in the opposite direction to the obstacle.

collision handling is either overlooked or treated separately
from avoidance strategies [16]. These deficiencies underscore
the need for reactive collision avoidance frameworks that
integrate human-object distinction with collision management,
thereby enabling both efficient and safe operation in dynamic
environments.

In summary, although significant progress has been
achieved, existing approaches often neglect integrated col-
lision handling, human-object differentiation, and real-time
efficiency. The present work aims to address these gaps and
advance safer, more effective HRC.

III. VARIABLE ADMITTANCE CONTROL USING ENERGY
TANK

To address the aforementioned challenges, we developed
an obstacle avoidance and safety control algorithm suitable
for real-world scenarios that explicitly accounts for collisions.
This chapter introduces the VAC framework, which forms the
foundation of the proposed Safety-critical Reactive Motion
(Fig. 3). VAC enables simultaneous collision avoidance and
impact mitigation through repulsive motion. In the following
section, QP is integrated into the framework to enhance
functionality, such as ensuring safe motion near singularities.

A. Variable admittance control

VAC is a force control method that adjusts the parameters
of the mass (m), spring (k), and damper (d) according to the
objective of the control [17]. While most studies vary m and d
to improve direct teaching and interaction with environments
[18], this work focuses on varying £ and d to enhance real-
time avoidance and collision-absorbing capabilities.

Fegt =Ma(t)(£4 — &0) + Da(t)(&a — ®o)

+ Ka(t) (a — o) @

Here, My, Dy, and K4 are positive matrices representing
desired virtual inertia, damping, and stiffness, respectively,
while x, &, and & € RS represent position, velocity, and
acceleration vectors. o € R® denotes the equilibrium position
vector.
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Fig. 5. Concept of energy tank. The resistance elements dissipate the robot’s
energy, which is then stored in the energy tank. The robot can perform non-
passive actions while satisfying stability by utilizing the energy stored in the
tank.

B. Passivity analysis with variable admittance control

Ensuring robot stability [19] is essential when modifying
admittance parameters. Passivity, which ensures that energy is
conserved within the system, is widely used to validate such
stability [20]. Passivity implies that a system does not generate
energy autonomously but instead behaves reactively to external
input. In a spring-mass-damper system, the total mechanical
energy can be expressed by a storage function:

V= %kaf + %mv2 3)
Accordingly, the energy function of the VAC system is

defined as a time-varying storage function:

1

2

The rate of change of this storage function is given by:

V = 2T K ()3 + %éTMd(t)% @)

o~ PO ~ AT 22
V =2TK4(t)z + imTKd(t)w +x Mgy(t)x
1
2

By applying the desired changes in stiffness and substituting
Eq. 2, we derive the passivity condition as follows:

(&)

4 od Ma(t)s

- T 1 4. ~ 2T - AT
V=x Fopt+ 5:1: Kot)x —x Dgx| <& Fopt (6)

This condition ensures system stability by limiting internal
energy changes induced by position errors.

C. Energy tank for manipulators

In prior work [16], VAC increased stiffness as a human
approached the robot. While this improved responsiveness, it
also elevated the risk of injury during collisions. In contrast,
our approach reduces stiffness near obstacles to promote safer
contact. However, restoring stiffness to its original value may
compromise passivity. To overcome this limitation, we employ
the energy tank method.

Ensuring user safety is critical in collaborative tasks. In
admittance control, the control gains must be modulated to
alternate between tracking and compliance modes. However,
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Fig. 6. Comparison between the energy tank method and conventional

passivity approach. When restoring the spring constant to 1000, the energy
tank method (solid line) is more efficient than the passivity method (dotted
line) because it uses more energy to raise spring to 1000 faster.

such adjustments may disrupt passivity [21]. Energy tanks [22]
provide a flexible mechanism for managing energy exchange.
These tanks accumulate dissipated energy from sources such
as damping, friction, and resistance, and strategically release
it to support non-passive behavior when needed, such as rapid
gain changes or post-impact recovery (Fig. 5). This mechanism
enhances both system flexibility and stability in HRI.

Energy tanks have been utilized in diverse contexts, in-
cluding passive inertia adaptation in admittance control [23]
and stiffness modulation [21]. For example, [23] proposed
a method that adjusts inertia to reduce user effort during
physical HRI. While classical passivity conditions can be
overly restrictive and degrade system performance [24], energy
tanks offer a more relaxed framework by permitting parameter
adjustments only when sufficient energy is stored.

In this work, we adopt a stiffness variation strategy for
admittance-controlled robots that ensures flexibility while pre-
serving passivity. The tank storage function from Eq. 6 is
defined as:

1
T(e) = 56? (N
P 3 1 —~ ] ~
6= 25 Daz— L (xTKd(t)a:> @®)
€t €t 2

Here, T'(e;) represents the tank energy, and e; denotes the tank
state. The energy is bounded within § < T'(e;) < T to prevent
excessive energy accumulation, which could lead to unstable
behaviors. The upper bound is guaranteed by the parameters
o €0,1 and v €0,1 that disable the energy storage in case a
maximum, 7' € R% is reached. The bounding conditions are
defined as:

1 ifT(et)STVZ o if Kq(t) <0 ©)

0 otherwise 1 otherwise

The derivative of the tank storage function is given by:

. T o 1 _+ . .
T =e16s =0x Dgx — v (QmTKd(t)a:) (10)

1000 [ Hand Distance 05 O

INe-- T e Target Error 04 o

éﬁ ’E‘ o~ ~~°, [ Variable Spring 0'3 s
I 500 . =
a £ 02 8
s 0.1 r—
' E

Constant Damping
=== Variable Damping

0 8 16 24 32 40 48 56
Time [s]

(®)

Fig. 7. Variable stiffness and Damping. (a) The hand approaches the robot,
the robot is pushed away from its original position (black dotted line) and
maintains a certain distance (black solid line) by variable spring. (b) Unlike
when using a constant damping ratio, when using variable damping, the
damping is lower when the robot is pushed away or maintained, and the
damping ratio is higher when the hand moves away. This allows for both
energy efficiency and avoidance performance to be achieved simultaneously.

The total energy W of the system, combining the storage
function 7" and the energy function V, is expressed as:

W=V4+T (11)

; . 2 AT 1 4. ~ AT _ - -
W=V+T=x Fops + iw Kq(t)x —x Dgz
(12)
T K 1~T . - =T
+ox Dgx —~ <2:c Kd(t)w> <z F.p4

If this inequality is satisfied, the energy tank enables pas-
sivity to be maintained more effectively than conventional
conditions. As demonstrated in Fig. 6, using the Energy
Tank results in faster recovery of the spring constant after
a reduction. This allows the system to maintain stability and
respond more effectively during dynamic interactions.

D. Admittance parameter control for obstacle avoidance and
impact mitigation

In VAC, reducing stiffness decreases the internal energy of
the system, thereby facilitating safer contact with humans or
obstacles while maintaining passivity and stability. As shown
in Fig. 6, decreasing stiffness does not require activation of the
energy tank. However, increasing stiffness can violate passivity
constraints, in which case the energy tank is employed to
preserve stability.

The stiffness is modulated to maintain a safe distance from
obstacles. Within a specified range, the stiffness is reduced
based on proximity sensor measurements. Beyond this range,
the spring constant is adjusted by incorporating both the mea-
sured distance and the position error. This strategy prevents
oscillatory movements when the robot is pushed too far and
minimizes collision risks when it is too close to an obstacle.
As shown in Fig. 7, a consistent safety distance is maintained.
The control law is defined as:
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where z is the current distance to the target, and Ad repre-
sents an additional buffer distance that increases as a human
approaches.

Unlike stiffness, damping (as defined in Eq. 4) does not
directly affect energy flow and can be regulated independently
of the energy tank. The damping coefficient d is proportional to
both the mass and stiffness parameters (d = av/mk), ensuring
consistent motion. Nonetheless, the damping coefficient signif-
icantly impacts the energy recharge rate of the energy tank.
By dynamically tuning the damping ratio, the system aims to
improve agility when avoiding rapidly approaching obstacles
and to accelerate energy recovery when obstacles move away.

To facilitate this adaptive control, a Mamdani-type fuzzy
logic controller is implemented with three input variables and
one output. The inputs are: obstacle distance (very close, close,
normal), robot speed (safe, dangerous), and obstacle speed
(approaching, receding). The output is the damping ratio,
discretized into nine categories (very low, low, slightly low,
mid-, mid, mid+, slightly high, high, very high), as illustrated
in Fig. 8. The fuzzy controller is designed to achieve two
primary objectives: enhancing agility in response to nearby
or fast-moving obstacles and optimizing energy consumption
when obstacles are distant or moving away. Damping is
reduced when obstacles are close or when either the robot
or the obstacle is moving quickly, thereby enabling rapid
avoidance. Conversely, damping is increased when obstacles
are far or receding, thereby promoting system stability and
efficient energy management, as demonstrated in Fig. 7(b).

IV. QUADRATIC PROGRAMMING FOR SAFETY CONTROL

The velocity generated by VAC is used as an input to
compute an optimal motion that satisfies specific constraints.
Unlike previous work [16], QP is applied after VAC to incor-
porate constraints such as velocity limits, ensuring safer and
more efficient avoidance during collisions. The least-damped
square method is used as the objective function:

. 1. . . . H.T.
9@ =5&-Ja) (x-Ja+54a'q
| g 14)
= 5éﬁ(JTJ +ul)g —x"Jq+ 55&2.

Here, & represents the Cartesian velocity generated by VAC.
The first term minimizes the quadratic error of the main task
motion, while the second term damps joint velocities near
singular configurations, preventing instability during collision
avoidance.

A. Joint constraints

Joint constraints restrict the robot’s joint positions g and
velocities ¢ to predefined bounds:

q Z qub
otherwise

0, a<qp

qp, otherwise (15)

bas{y
quba
Here, qip, quv, qip and gyp denote the lower and upper
bounds of joint positions and velocities. These bounds can
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Fig. 8. Fuzzy logic for damping variation, 3 inputs(obstacle distance, obstacle
speed, robot speed), 18 rules and 1 output(damping). When an obstacle is close
or approaching, or the robot is in a fast situation with a high possibility of
collision and needs to avoid quickly, lower the damping to improve avoidance
performance; conversely, when the robot is slow and the obstacle is far or
moving away, increase the damping to improve energy efficiency.
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be dynamically adjusted based on the robot’s current state
to prevent self-collision or limit joint movements within safe
ranges.

B. Cartesian velocity constraints

Limiting Cartesian velocity & ensures safe interaction with
humans while maintaining efficiency when interacting with
metals. Using the dual-type proximity sensor, the robot dis-
tinguishes between humans and metal, applying different
velocity constraints. This approach not only reduces risk in
human collisions but also ensures safe contact in intentional
approaches. The allowable Cartesian velocity is reduced based
on the detected distance:

Jq< i

Ts = dmzn

(16)
a7

dmin 1s the shortest distance detected by the sensors, which
determines the allowable Cartesian velocity .

C. Joint acceleration constraints

To prevent abrupt changes in joint velocities caused by
sudden object approach, joint acceleration constraints are
applied:

4 —Gi-1 _
3 S
Here, a is the acceleration maximum, ¢¢ — 1 and ¢ are
the previous and current joint velocities, and ¢ is the control
period. To avoid conflicts during QP solving, this constraint
is applied post-optimization, ensuring smooth motion without
compromising stability.

(18)

D. Obstacle avoidance constraints

VAC provides repulsive motion for obstacle avoidance, but
without additional constraints, the robot may get trapped in
local minima. To enhance avoidance performance, obstacle
avoidance constraints are introduced. These restrict motion
toward obstacles by dynamically adjusting the allowable ve-
locity space. A linear inequality constraint restricts the allowed
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~TT N

Fig. 9. Obstacle avoidance constraints illustrated in velocity space. The
red zone indicates restricted motion directions. As the robot approaches an
obstacle, the red zone expands to the maximum hemisphere. The entire sphere
moves its center point in that direction according to the robot’s current
velocity.

avoidance motion x4 towards the direction d of the obstacle.
It considers the robot’s current velocity and shifts the ve-
locity constraint sphere accordingly, releasing constraints in
the direction of motion and tightening them in the opposite
direction, as shown in Fig. 9.

dTé=dTJg < i, +dTr, (19)

Here, d is the direction vector towards the obstacle, ac;
is the constrained maximum velocity in the obstacle direc-
tion, and 7, is the vector from the robot to the sphere’s
center. Fig. 9 illustrates the dynamic adjustment of velocity
constraints based on the obstacle’s distance. The blue sphere
is the set of velocity vectors that the robot can do, and the red
part is the set of impossible vectors. All directions are treated
equally if the robot’s speed falls below a threshold.

V. EXPERIMENT RESULT

This section presents experimental results evaluating the
proposed control strategy. Five algorithms were compared:
VAC, VAC + Fuzzy, VAC + QP, VAC + QP + Fuzzy, and
VAC + QP + Fuzzy with velocity constraints. Experiments
were conducted with both metallic objects and human sub-
jects to assess system performance under static and dynamic
conditions, as shown in Fig. 10. All experiments were carried
out using a commercially available robotic platform.

A. Experimental Setup

The experiments were performed using a UR10 robot (CB2
version). Eleven dual-type proximity sensors (capacitive and
inductive) were installed on the robot—four on the forearm,
four on the upper arm, two on the final wrist link, and one
on the end cap, as illustrated in Fig. 10. The experimental
parameters are summarized in Table I. These parameters were
fine-tuned through preliminary trials to ensure both safety and
performance during evaluation.

Fig. 10. Experimental scenarios: (1) static obstacle, (2) dynamic obstacle
(human), (3) two metals at one link, (4) two humans at one link, (5) two
hands at multiple links, (6) hand touch for contact safety evaluation.

TABLE I
EXPERIMENTAL SETUP PARAMETER
Parameter Value Unit
Sensor sampling rate 100.0 Hz
Robot Control Frequency 125.0 Hz

Maximum Robot Velocity(UR10 CB2) 1.0 m/s

Maximum sensor detection distance dyqz 200.0 mm
Spring coefficient (k) 1000.0 N/m
Damping coefficient (d) 200.0 Ns/m
Mass coefficient (m) 10.0 kg
Energy tank range 0.1~20 J
Maximum acceleration (a) 5.0 m/s?
Desired maintained distance (dgegired) 100.0 mm

B. Experiments

Multiple experiments were conducted to assess the per-
formance of the proposed method. The robot was assigned
predefined poses and executed tasks such as pick-and-place
using joint trajectory planning. The first experiment, shown
in Fig. 10, focused on obstacle avoidance against a stationary
metal object and compared the performance of each algorithm
under this condition. This scenario simulated a situation in
which a previously absent obstacle appears along the robot’s
path.

Fig. 11 shows the robot’s avoidance behavior under each
control strategy. The results are summarized as follows:

- VAC : This algorithm exhibited the most efficient trajec-
tory for obstacle avoidance. However, collisions occurred due
to its lack of additional safety constraints and the strong force
directed toward the target, even at low speeds.

- VAC + Fuzzy : The addition of fuzzy logic allowed more
agile responses by lowering damping. While it successfully
avoided obstacles in many cases, collisions still occurred at
higher speeds due to a lack of safety constraints.

- VAC + QP : Compared to VAC, this method produced a
wider avoidance path. The added constraints helped prevent
collisions and reduced excessive displacement, resulting in
faster task completion. Nevertheless, occasional contact still
occurred at higher speeds, causing slight shaking of the
obstacle (see Table II). This suggests that a fixed damping
ratio may limit adaptability.

- VAC + QP + Fuzzy Logic : As shown in the graphs and
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TABLE II
TIME TO COMPLETE A GIVEN TRAJECTORY

v VAC [ VAC+Fuzzy | VAC+QP [ Vac+Fuzzy+QP
mazx Time(s)
0.3m/s | collision 5.96 5.89 5.88
1.0m/s | collision collision touch, 4.30 431
— VAC = VAC+Fuzzy
VAC+QP = VAC+Fuzzy+QP
0.67 Start 0.68 Start
N
z [m] z [m]
oe > 058 ®*—
025 — Obstaple Finish -0.25 o Obstac_(l)ez " Finish
y 0504 L Y 05204 %m
(@) (b)

Fig. 11. Obstacle avoidance in the presence of a static obstacle. (a) Robot
speed 0.3m/s (b) Robot speed 1.0m/s. At slow speeds, only the VAC algorithm
caused collisions, but at fast speeds, the VAC+fuzzy algorithm also caused
collisions. In addition, the VAC+QP algorithm caused slight contact with the
obstacle.

Table 11, this algorithm avoided obstacles without contact and
maintained high efficiency across speed conditions, demon-
strating both robustness and adaptability.

The second experiment evaluated the algorithms’ perfor-
mance against dynamic obstacles, such as those encountered
in HRI scenarios (see Fig. 10-2). In this setup, a human moved
near the robot at varying speeds while the robot performed the
same tasks as in the first experiment. The VAC + Fuzzy algo-
rithm effectively avoided simple dynamic obstacles. However,
as shown in the upper image of Fig.12, it occasionally failed to
prevent collisions. In these cases (see also Fig. 13), the robot
became trapped in a local minimum, resulting in persistent
obstacle proximity and high tracking error. This was due to
reliance on repulsive motion alone. In contrast, the VAC + QP
+ Fuzzy algorithm successfully avoided dynamic obstacles and
reached the target poses without collisions.

The next experiment investigated more complex scenarios
involving two obstacles approaching simultaneously at one
link, as shown in Fig. 10-3,4. Only the VAC+QP+Fuzzy
algorithm was evaluated, excluding methods that failed in
prior tests. In the first scenario, two metal objects approached
the same link. Fig. 14 (a) demonstrates that the algorithms
effectively avoided both obstacles without collision. When
interacting with humans, Cartesian velocity constraints slowed
motion but significantly improved safety, even in the event of
contact.

In Fig. 10-5, two obstacles approached separate links of the
robot. The robot successfully avoided at all links, as shown
in Fig. 14 (b). Without velocity constraints, avoidance was
quicker; with limits, avoidance was slower but safer.

The final experiment (Fig. 10-6) evaluated whether a hu-
man could safely make contact with the robot, an essential
aspect of safe HRI. As shown in Fig. 15, the robot rapidly
decelerated before contact, adjusting its velocity based on
human proximity. The velocity reached zero at the moment
of contact. Additionally, Fig. 16 presents survey results on
participants’ perceived fear and softness during interaction.
Most participants reported that the robot felt non-threatening

VAC+Fuzzy

VAC+Fuzzy+QP

Fig. 12. Comparison of VAC+Fuzzy and VAC+QP+Fuzzy with dynamic
obstacles. VAC+Fuzzy algorithm failed to avoid the obstacle blocking the
path and was stuck in the local minia. VAC+Fuzzy+QP algorithm avoided
the obstacle blocking the path and reached the target.
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Fig. 13. (a) Minimum distance to obstacles measured by the sensor, (b)
Distance to target point, VAC+fuzzy algorithm failed to overcome the obstacle.
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Fig. 14. Obstacle avoidance with two dynamic obstacles (a) at one link (b)
at two links. Whether there is a velocity limit or not, obstacle avoidance is
successful in all cases, with the only difference being the avoidance time.

and soft to the touch. These findings confirm that safe physical
interaction between humans and robots can be achieved even
during robot motion in real-world environments.
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Fig. 15. Robot velocity when the hand touches the robot. When a person
makes contact with a robot, the robot’s velocity converges to 0 for safe contact.
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Fig. 16. Investigation of the level of fear and softness when a robot touches
a person

VI. CONCLUSION

This paper presented a safety-critical reactive motion control
algorithm for obstacle avoidance and impact mitigation in
robotic manipulators using dual-type proximity sensors. The
proposed constrained VAC framework dynamically adjusts ve-
locity and impedance parameters in real time while maintain-
ing system passivity via an energy tank mechanism, ensuring
safe and stable operation. The framework is robot-agnostic
and can be seamlessly integrated into various robotic plat-
forms. It effectively handles both static and dynamic obstacles
and, unlike existing methods, enables simultaneous collision
avoidance and impact mitigation. Experimental validation on
a UR10 robot demonstrated the framework’s ability to achieve
real-time responsiveness and ensure safe HRI. A key limitation
is the lack of global path planning, which will be addressed
in future work by integrating motion planning for enhanced
trajectory optimization.
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