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Abstract—Human-following robots have gained widespread
attention in diverse domains, such as manufacturing, health-
care, and personal companionship. However, it is essential to
respect the social zones of the target person to avoid causing
psychological discomfort when robots coexist and collaborate
with humans. In this study, we propose a novel human-robot
interaction dynamics-based impedance control strategy to ac-
complish the human-following task while ensuring that the robot
refrains from encroaching upon the intimate zone of the target
person. Initially, a human-robot interaction dynamics model is
developed to capture the social repulsion between the robot
and the target person. Subsequently, an impedance controller is
designed to dynamically regulate the robot motion and the virtual
interaction force with the target person. Furthermore, behavioral
dynamics is integrated into the impedance controller for obstacle
avoidance. Experimental results validate the effectiveness of the
proposed method in this study, showcasing that the robot can
successfully achieve human following and obstacle avoidance
without encroaching on the intimate zone of the target person.

Index Terms—human-following, impedance control, behavioral
dynamics, human-robot interaction dynamics, obstacle avoidance

I. INTRODUCTION

Human-following robots are gradually penetrating our daily

lives, which can undertake various tasks ranging from trans-

Video demonstration: https://www.bilibili.com/video/BV1x14y1v7Cs
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Foundation of Fujian Province under Grant 2021J01388, the Fujian Science
and Technology Project under Grant 2021Y0048, and the Quanzhou Science
and Technology Project under Grant 2022C002L, 2022FX7, and 2022NS001.

porting loads, offering companionship, and providing social

support [1]. When a human-following robot collaborates with

an individual in a shared workspace, it is essential for the robot

to exhibit human-friendly behavior to ensure the security and

comfort of the target person, which is crucial for the robot to

gain acceptance from humans [2].

Generally, human-following control tasks encompass driv-

ing the robot to follow the target person, maintaining a safe

distance, and avoiding obstacles [3]. Some previous research

on human-following control has satisfactorily addressed these

tasks. For instance, Yao et al. [4] developed a PID controller

based on the estimated relative position and motion primitives

of a human-following blimp. Similar control methods were

also presented in [5]–[8]. Yuan et al. [9] proposed a control

strategy based on artificial potential field, utilizing forces from

potential fields to guide the robot in following the target

person while avoiding obstacles. Additionally, Nguyen et al.

[10] and Van et al. [11] intensively investigated fuzzy control-

based human following and obstacle avoidance. However,

these methods achieve the human-following task via single

position or speed control, limiting their suitability to simple

scenarios with limited performance. To this end, Ashe et al.

[12] employed model predictive control to track the path of

the target person and maintain a safe distance, but it lacks

flexibility. Furthermore, Hirose et al. [13] proposed a predic-

tive control policy involving deep neural network learning to

accomplish the human-following task, but the stability and
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security of this method remain uncertain. Notably, all of these

approaches concentrate solely on the position control of the

robot, neglecting the essential human factor, which is crucial

for achieving a human-accepted human-robot interaction.

The study on proxemics by Hall et al. [14] reveals that

individuals naturally maintain social zones during interactions

to avoid causing psychological discomfort. Similarly, when

a robot follows a person, it is perceived that the robot

should also respect these social zones to enhance its social

acceptance [15]. The interactive space between the robot and

the person is divided into four zones, i.e., intimate zone (0-

0.45m), personal zone (0.45-1.2m), social zone (1.2-3.6m),

and public zone (>3.6m), based on their relative distance [16].

Moreover, to prevent causing psychological discomfort, the

robot should avoid encroaching upon the intimate zone of the

target person [2]. Therefore, Sekiguchi et al. [17] proposed an

uncertainty-aware robot controller based on nonlinear model

predictive control to maintain the robot position in the personal

zone and avoiding obstruct human walking. However, this

approach assumes a constant target person velocity, limiting

its practicality. Furthermore, Herrera et al. [18] proposed

that ensuring individual comfort involves not only respecting

these social zones but also considering the dynamics during

the interaction, i.e., treating these zones as flexible potential

areas enables the robot to achieve a natural and smooth

motion to ensure the comfort of individuals. To achieve this,

they employed impedance control to establish human-robot

interaction dynamics and enable compliant control for the

human-following robot, thereby enhancing its social accep-

tance. However, this method does not incorporate heading

angle control and neglects obstacle avoidance. Subsequently,

Tian et al. [19] designed an obstacle avoidance component in

the impedance control-based human-following controller, but

it was limited to simulation.

Furthermore, obstacle avoidance is indispensable in the

human-following task, as it ensures the robot can move safely

and efficiently in real-world environments while guaranteeing

the reliability of its human-following behavior. Regrettably, it

has been overlooked in many previous studies (e.g., [2], [4],

[5], [8], [18]). Moreover, research on human-robot interaction

has indicated that the similarity between robots and humans

in low-level behavioral patterns can effectively enhance the

naturalness of the robot’s behaviors, thus improving the in-

teraction experience for individuals and boosting the social

acceptance of the robot [20]. Nevertheless, common obstacle

avoidance methods (e.g., [6], [10], [12]) tend to overlook this

aspect. Hence, we favor the adoption of behavioral dynamics

[21], which enables the robot to avoid obstacles by emulating

human walking behavior.

Inspired by the aforementioned contributions, we propose

a human-robot interaction dynamics-based impedance control

strategy for human-following and obstacles avoidance, aiming

to enable the robot to respect the social zones of the target per-

son. At first, we construct a human-robot interaction dynamics

model that captures the social repulsion between the robot and

the target person. Subsequently, an impedance controller is

designed to dynamically regulate the robot’s motion and the

virtual interaction force with the target person. Through this

controller, the robot can effectively avoid encroaching upon

the intimate zone of the target person, thereby ensuring their

safety, comfort, and enhancing the social acceptance of the

robot. Finally, we integrate an obstacle avoidance component

based on behavioral dynamics into the impedance controller

to further improve its practicality.
The main contributions are summarized as follows:

1) A human-robot interaction dynamics-based impedance

control strategy can achieve human following while

ensuring that the robot refrains from encroaching upon

the target person’s intimate zone.

2) A behavior dynamics-based obstacle avoidance compo-

nent is integrated into the impedance controller, en-

hancing the naturalness of the robot motion and the

practicality of the human-following controller.

II. HUMAN-ROBOT INTERACTION MODEL

In this section, we characterize the kinematic and dynamic

model of the human-following robot, which is a differential-

driven mobile robot, as illustrated in Fig. 1. Furthermore, we

introduce a human-robot interaction dynamics model based on

virtual interaction force.

Fig. 1. Model schematic of the human-following robot.

A. Modeling Robot Motion
We denote the centroid of the robot [xr, yr, θr]

T
as its pose,

with [xq, yq, θq]
T

representing the coordinate of the robot’s

wheel axle center. The differential-driven mobile robot satisfies

the nonholonomic constrains, thus the kinematics of the robot

can be described by [22]⎡⎣ẋrẏr
θ̇r

⎤⎦ =

⎡⎣cosθr dsinθr
sinθr −dcosθr
0 1

⎤⎦[v
w

]
, (1)

where d is the distance between the robot’s wheel axle center

and its centroid. v and w are the linear and angular velocities

of the robot, respectively.
Consider referencing the dynamics of the differential-driven

mobile robot as defined in [23]:⎡⎢⎢⎢⎢⎣
ẋr
ẏr
θ̇r
v̇r
ẇr

⎤⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎣
vcosθr − dwsinθr
vsinθr + dwcosθr

w
−vΨ2/Ψ1

−wΨ4/Ψ3

⎤⎥⎥⎥⎥⎦+

⎡⎢⎢⎢⎢⎣
0 0
0 0
0 0

1/Ψ1 0
0 1/Ψ3

⎤⎥⎥⎥⎥⎦
[
v
w

]
, (2)
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where (Ψ1,Ψ2,Ψ3,Ψ4) are the parameters of the robot model,

Ψ1 =
mr2Ra + 2rKa + 2IeRa

2rKa
,Ψ2 =

rKa +KaKb +BeRa

rKa
,

Ψ3 =
2r2IRa + 2rLKa + LIeRa

2rLKa
,

Ψ4 =
2rKa + LKaKb +BeRa

2rKa
,

m is the mass of the robot, r is the radius of the wheels, L is

the distance between drive wheels, I is the rotational inertia

of the robot, Ka is the product of the motor torque constant

and the gear transmission ratio, Kb is the product of the motor

voltage constant and the gear transmission ratio of the motor,

Ra is the resistance constant, Ie is the rotational inertia of the

wheel, and Be is the damping coefficient of the drive wheel.

Fig. 2. Human-robot interaction dynamics.

B. Human-Robot Interaction Dynamics Model

Human-robot interaction dynamics utilize non-physical

forces to characterize the dynamic interaction relationship

between the robot and the person. It assumes the existence of

a hypothetical potential field within the individual’s intimate

zone. If the robot encroaches upon this zone while following

the target person, it encounters a repulsive force that pushes it

away from the intimate zone. The repulsion force on the robot

within the target person’s intimate zone can be expressed as

[18]

f =

⎧⎨⎩γ e
− ρn

ρd −e−ρ
n−1
d

1−e−ρ
n−1
d

, ρ ≤ ρd
0, ρ > ρd

, (3)

where γ is denoted as gain, n is the pending index, ρ is the

distance between the robot and the target person, and ρd is

the desired distance and the range of interaction forces.

To ensure human comfort, we design a threshold zone

slightly larger than the intimate zone, as depicted in Fig. 2.

Additionally, the desired human-following distance (ρd) of the

robot corresponds to the radius of the threshold zone. When

the distance (ρ) between the robot and the target person is less

than this desired distance (ρd), a virtual repulsive interaction

force will be applied, compelling the robot to move away from

that zone. Furthermore, the virtual interaction force can be

composed as

fs = [−fcosθhr,−fdsinθhr]T , (4)

Fig. 3. Diagram of the human-following system. ρ is the distance between
the robot and the target person, α is formed by the red connection line and
the human orientation, and β is the relative orientation between the robot and
the target person. ex and ey are the error between the desired position and
the current position of the robot in the body-fix frame.

where fs = [fv, fw]
T

are the components of in the forward

and rotational of the robot, respectively. θhr is the azimuth

angle of the human in the robot body-fixed frame.

III. HUMAN-FOLLOWING CONTROL STRATEGY

A. Human-following Control Objective Establishment

The state of the target person is denoted as

[xh, yh, θh, vh, wh]
T

, where (xh, θh) and θh are the position

and orientation, respectively. vh and wh represent the forward

and turning velocities of the target person, respectively. As

depicted in Fig. 3, the robot is supposed to follow the target

person with a desired separation ρd, a desired relative bearing

αd, and a desired relative orientation βd. And we define the

state of the human-following system as S := [ρ, α, β]
T

. Thus,

the human-following control objective can be mathematized

as

lim
t→∞ |S − Sd| = 0. (5)

Moreover, the desired position of the human-following robot

[xd, yd, θd]
T

is determined by the desired system state and the

posture of the target person, as⎧⎪⎨⎪⎩
xd = xh + ρdcos(αd + θh)

yd = yh + ρdsin(αd + θh)

θd = θh + βd

, (6)

where αd = π, βd = 0, and ρd is the preset distance for the

robot to follow the target person and also the radius of the

threshold zone.

B. Impedance Control-Based Human-following Controller

Impedance control is employed to characterize the dynamic

relationship between the human-robot interaction force and

the position of the robot with respect to the target person. The

impedance control law is given by

IẌe +BẊe +KXe = −Fe, (7)
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where Fe = Fd −Fi is the virtual interaction force deviation,

Fd is the desired interaction force, and Fi is the actual

interaction force between the robot and the target person,

which is given by (3). Xe = Xr − Xd, Xr and Xd are the

desired position and actual position of the robot, respectively.

I = diag(i, i), B = diag(b, b), and K = diag(k, k) are

inertia, damping, and elastic matrix, respectively. Thus, we

can obtain

Ẍr = I−1(−Fe −BẊe −KXe) + Ẍd, (8)

where Ẍd can be calculated by (6) as

Ẍd =

[
ẍh − ρdθ̇2hcos(αd + θh)− ρdθ̈hsin(αd + θh)

ÿh − ρdθ̇2hsin(αd + θh) + ρdθ̈hcos(αd + θh)

]
. (9)

Furthermore, the impedance controller output vector Xr

is defined by the robot’s position, as Xr = [xr, yr]
T

. Then

according to the dynamics model of the robot (2), we can

derive the first and second order time derivatives of the output{
Ẋr = [ẋr, ẏr]

T
= Aur

Ẍr = [ẍr, ÿr]
T
= E +A(G+Hud)

, (10)

where ur = [v, w]
T

is the velocity vector of the robot, ud =
[vd, wd]

T
is the velocity references,

A =

[
cosθr −dsinθr
sinθr dcosθr

]
, E =

[
−vsinθr − dwcosθr
vcosθr − dwsinθr

]
,

G =

[
−vΨ2/Ψ1

−wΨ4/Ψ3

]
, H =

[
1/Ψ1 0
0 1/Ψ3

]
.

Subsequently, applying feedback linearization [18] to the

system based on (9) yields

ud = H−1
[
A−1(u− E)−G

]
. (11)

Substituting (8) into (11) yields the impedance control law

for human-following

ud = H−1
[
A−1(I−1(Fi −BẊe −KXe) + Ẍd − E)−G

]
.

(12)

Moreover, the coordination of motion between the robot

and the target person is critical in human-following behavior,

requiring the robot to track the direction of the target person,

i.e., limt→∞ |βd| = 0.. However, incorporating the control of

the robot’s heading angle in the impedance controller becomes

complex due to the coupling between the robot’s heading angle

and position.

Therefore, we design an angular velocity compensator, as

μ =

{
0, Xe > δ

Kwβ, Xe ≤ δ
, (13)

where Kw is the angular velocity compensator gain, β = θd−
θr is the robot heading angle deviation, and δ =

[
eδx, e

δ
y

]T
is

a threshold for the robot position error. The robot prioritizes

tracking the position of the target to maintain the formation.

When the robot’s position error Xe is less than the threshold δ,
the angular velocity compensator kicks in to enable the robot

Fig. 4. Schematic diagram of the control strategy for human-following and
obstacle avoidance.

to track the direction of the target person more accurately and

stably.
Consequently, by synthesizing (12) and (13), we can ob-

tain the impedance control-based compliant human-following

controller

uhfr = ud + [0 1]
T
μ. (14)

C. Behavioral Dynamics-Based Obstacle Avoidance
By analyzing human walking behavior, researchers have

discovered that individuals primarily adjust the direction of

their forward movement to bypass obstacles, with the influence

of the relative direction and distance of the obstacles to the

individual [19], [21]. Therefore, Fajen et al. [21] proposed

a behavioral dynamics-based obstacle avoidance method that

enables robots to emulate human obstacle avoidance behavior.

And the formula for behavioral dynamics is as

θ̈ob =

{
−k0ζe−c1|ζ|e−c2dob , dob ≤ ds
0, dob > ds

, (15)

where θ̈ob is the output of the obstacle avoidance component,

ζ is the orientation angle of the obstacle relative to the robot,

dob is the distance from the robot to the obstacle, ds is the

safe distance, k0 > 0, c1 > 0, and c2 > 0 are gains.

Notably, e−c1|ζ| is the component produced by the orientation

angle of the obstacle with respect to the robot, and e−c2dob is

the component produced by the relative distance between the

obstacle and the robot.
Assume that there are nob obstacles, and wi

ob is the angular

velocity component produced by the i − th obstacle, which

can be obtained by integrating (15). Thus, the output of the

obstacle avoidance component can be written as

uob =

[
0

nob∑
i=1

wi
ob

]T
. (16)

Integrating the obstacle avoidance control input (15) into

the impedance controller (13) yields the human-following and

obstacle avoidance control law

uob = uhfr + uob, (17)

and the schematic diagram of the control strategy is shown in

Fig. 4.
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(a) Trajectories (b) State error (c) State error

Fig. 6. Simulation for the human-following. The robot follows the target person from behind with various initial states.

(a) Trajectories (b) State error (c) Velocity (d) Fi and uob

Fig. 7. Simulation for the human-following and obstacle avoidance. Robot-1 is the experimental results of the robot following the target person with angular
velocity compensator, and Robot-2 is the experimental results without angular velocity compensator.

Fig. 5. Experiment setup. EMF: electromagnetic field. BT: Bluetooth. The
EMTM transmitter is mounted on the robot. The receiver is worn by the target
person. Vicon is utilized to capture the trajectory of the robot and the target
person, and LiDAR for detecting obstacles.

IV. EXPERIMENTS AND RESULTS

A. Experimental Setup

The simulation experiments of the human-following task

were performed in MATLAB 2021b to validate the effective-

ness of the proposed method. The experimental parameters

are listed in Table I. Furthermore, to rapidly demonstrate the

feasibility of our control strategy in real-world scenarios, we

established a master-slave network by connecting MATLAB to

Robot Operating System (ROS, noetic), as illustrated in Fig. 5.

Within this network, the control algorithm runs in MATLAB,

and control commands are transmitted from ROS to the robot’s

actuator. Simultaneously, ROS feeds sensor data to MATLAB.

Specifically, we employ an electromagnetic tracking module

(EMTM, https://www.amfitech.dk/) to directly acquire the

position and orientation of the target person. The closed-loop

system operates at a frequency of 20Hz.

TABLE I
EXPERIMENTAL PARAMETERS

Parameter Value Parameter Value Parameter Value
m/kg 40 Ψ1 0.03 k 0.2
r/m 0.216 Ψ2 0.10 Kw 1.50
L/m 0.525 Ψ3 0.10 δ [0.1; 0.1]
d/m 0.04 Ψ4 0.10 k0 60
ρd/m 1.00 i 0.008 c1 0.42
ds/m 0.60 b 0.05 c2 0.10

B. Simulation Results

To validate the effectiveness of our proposed method, we

conducted two sets of simulation experiments. In the first set,

we set the trajectory of the target person as a straight line

(red line) starting from (3, 3) and moving along the positive

direction of the X-axis, as shown in Fig. 6(a). The robot

started following the target person from behind in various

positions and initial angles. The state error curves of the

human-following system in Fig. 6(b) and Fig. 6(c) indicate

that the robot can steadily track the target person and converge

the state error to zero in a reasonable time.

In the second set of experiments, we generated an S-shaped

trajectory for the target person with variations in direction and

velocity and set up obstacles. The blue trajectory (Robot-1) in

Fig. 7(a) represents the robot’s trajectory under the control of

our method, and the blue curves in Fig. 7(b) depict the system

state error. The robot effectively maintained the system states

at the desired values, with significant deviations occurring

only during obstacle avoidance and the target person changed

direction, which were quickly re-converged. Additionally, in

Fig. 7(c), the robot responded compliantly during the interac-

tion, smoothing out its motion changes and demonstrating the

compliance of impedance control. Notably, during avoiding

obstacles (e.g., t1 and t4) and when the target person changed

direction (e.g., t2 and t3), the robot sometimes encroached

Authorized licensed use limited to: ShanghaiTech University. Downloaded on August 28,2024 at 04:44:33 UTC from IEEE Xplore.  Restrictions apply. 
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(a) Trajectories (b) State error (c) Velocity (d) Fi and uob

Fig. 9. Experiment for human-following and obstacle avoidance. At t1, the robot avoids the obstacle in its path. At t2, the robot unintentionally encroaches
into the target person’s threshold zone when the target person makes a 180-degree turn. The gray circle and the gray dotted line in (a) represent the obstacle
and the safe range of the obstacle, respectively. The blue zone and pink zone in (b) are the threshold zone and intimate zone of the target person, respectively.

(a) Trajectories (b) State error
Fig. 8. Human-following experiment involving the target person walking
along a straight line with motion mutations. The green dashed lines in (a) are
the line connecting the position of the robot and the target person at a given
time. The triangles in (a) represent the position and direction of the robot and
the target person at a given moment in time. The blue zone and pink zone in
(b) are the threshold zone and intimate zone of the target person, respectively.

upon the threshold zone of the target person (i.e., ρ ≤ ρd).

However, as shown in Fig. 7(d), the robot experienced an

interaction force that pushed it away from the threshold zone,

effectively preventing encroachment into the intimate zone of

the target person.

Furthermore, to demonstrate the effect of the angular veloc-

ity compensator, we conducted an experiment without angular

velocity compensator, as depicted in Robot-2 in Fig. 7. In

this case, the robot failed to promptly regulate the heading

angle after avoiding the obstacle, resulting in oscillations that

could potentially lead to the failure of the human-following

task or even safety issues in real-world scenarios. Moreover,

the robot exhibited slower responses when the target person

changed direction.

C. Real-World Experiments Results

The experiment setup is illustrated in Fig. 5. In the ex-

periment depicted in Fig. 8, the target person walked along

a straight line, making abrupt stops at t1, moving forward

at t2 and t4, briefly stepping back at t3 to approach the

robot, and ultimately coming to a halt at t6. Despite these

variations in the target person’s motion, the robot exhibited

smooth and responsive behaviors, effectively tracking the

target person’s motion. Moreover, as shown in Fig. 8(b), when

the robot entered the threshold zone of the target person, it was

prevented by a repulsive force Fi from further encroaching

on the target person’s intimate zone (e.g., t0 and t3 − t4).

This ensured that the robot maintained a safe and respectful

distance from the target person, improving the comfort of the

target person and enhancing social acceptance of the human-

following robot.

Furthermore, to further validate the performance of the

proposed control strategy in generalized scenarios, we also

conducted the experiment as depicted in Fig. 9. During this

experiment, the robot avoided the obstacle while following

the target person, effectively accomplishing the desired task.

Additionally, when the target person turned, the repulsive force

prevented the robot from encroaching further into the target

person’s intimate zone, thereby safeguarding the comfort of

the target person and ensuring the robot’s human-friendly be-

havior. These experimental results demonstrate the versatility

and efficacy of the proposed method in real-world scenarios.

V. CONCLUSIONS

In this study, we propose a human-following control strat-

egy based on impedance control and human-robot interaction

dynamics, which effectively respects the social zone of the

target person during the human-following process, leading to

improved comfort for the target person and enhanced social

acceptance of the robot. Firstly, a human-robot interaction

dynamics model is employed to capture the social repulsion

between the robot and the target person. The human-following

controller is designed based on the human-robot interaction

dynamics using impedance control, which can dynamically

regulate the robot motion and virtual interaction force with

the target person. Secondly, integrating an obstacle avoidance

component based on behavioral dynamics improves the nat-

uralness and practicality of our method. Specifically, using

an EMTM to directly acquire the target person’s position

and orientation enhances the precision and efficiency of our

system. Experimental results showcase the effectiveness of the

proposed control strategy, demonstrating that the robot can

smoothly follow the target person, navigate around obstacles,

and refrain from encroaching upon the intimate zone of the

target person.

However, we acknowledge that the current parameters of our

controllers were obtained through empirical tuning, potentially

limiting adaptability in different scenarios. To address this

limitation, we intend to explore adaptive control strategies

in future research, enabling the system to dynamically adjust

its parameters based on real-time feedback and environmental

conditions.
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