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Physical Human-Robot Interaction With a Tethered
Aerial Vehicle: Application to a Force-Based

Human Guiding Problem
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Marco Tognon , Member, IEEE, Rachid Alami, Member, IEEE, and Bruno Siciliano , Fellow, IEEE4

Abstract—Today, physical human-robot interaction (pHRI) is5
a very popular topic in the field of ground manipulation. At the6
same time, aerial physical interaction is also developing very fast.7
Nevertheless, pHRI with aerial vehicles has not been addressed so8
far. In this work, we present the study of one of the first systems9
in which a human is physically connected to an aerial vehicle by10
a cable. We want the robot to be able to pull the human toward11
a desired position (or along a path) only using forces as an in-12
direct communication-channel. We propose an admittance-based13
approach with a controller, inspired by the literature on flexible14
manipulators, that computes the desired interaction forces that15
properly guide the human. The stability of the system is formally16
proved with a Lyapunov-based argument. The system is also shown17
to be passive, and thus robust to nonidealities like model and18
tracking errors, additional human forces, time-varying inputs, and19
other external disturbances. We also design a maneuver regulation20
policy to simplify the path following problem. The global method21
has been experimentally validated on a group of four subjects,22
showing a reliable and safe pHRI.23

Index Terms—Aerial systems, force control, motion control,24
mechanics and control, physical human-robot interaction (pHRI).25

I. INTRODUCTION26

A ERIAL robotics is one of the research fields receiving a27

constantly growing interest. This is motivated by the wide28

range of applications, which unmanned aerial vehicles are useful29

for, e.g., monitoring, agriculture, etc. Beyond these contact-free30

applications, many investments and efforts have been recently31

dedicated to Aerial physical interaction (APhI). Several research32

labs and companies are conceiving and studying new aerial33
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robots with manipulation capabilities that can interact with the 34

environment [1]. 35

The research community already proposed several solutions 36

to enhance physical interaction capabilities of aerial vehicles. 37

Examples are rigid tools or articulated arms attached to standard 38

unidirectional-thrust aerial vehicles [2], [3], or to tilted/tiltable 39

multirotor platforms that are fully actuated [4]. These works 40

showed the feasibility of APhI for different tasks like pushing, 41

sliding [5], and transportation, allowing new applications as 42

contact-based inspection [6] and assembly. 43

It is natural that the presence of such robots in our daily 44

life will grow as well. This requires the next generation of 45

aerial robots to be able to safely and reliably interact with 46

the environment, but also with humans. So far, human-robot 47

interaction (HRI) has been rarely addressed in the aerial robotics 48

community. Most of the works focus on remote control propos- 49

ing bilateral teleoperation methods to help humans control single 50

and multiple aerial vehicles [7]. Recently, the teleoperation 51

problem has been extended to APhI as well [8]. 52

In these cases, humans and robots are in separate environ- 53

ments and the interaction is only virtual. The study of scenarios 54

where aerial robots share the same environment of humans 55

is still poorly addressed and limited to contactless HRI [9], 56

[10]. Peshkova et al. [11] and Cauchard et al. [12] proposed a 57

survey on the use of natural communication means like gestures, 58

speech, and gaze direction to let the human interface with the 59

robot. 60

Another important topic recently explored is the social ac- 61

ceptance of aerial robots [13]. In [14] the problem is addressed 62

from a design point of view, analyzing how the propellers of 63

multirotor platforms affect the comfort of humans. In a different 64

direction, a few papers [15], [16] recently started to investigate 65

the social constraints (distance, speed, direction of approach, 66

etc.) that should be applied to the motion of an aerial robot in 67

the proximity of a human. While human-aware motion planning 68

has been substantially studied for ground robots [17], it is still 69

very preliminary for aerial robots. 70

Therefore, the works presented so far focus only on con- 71

tactless HRI for aerial robots. On the other hand, physical 72

human-robot interaction (pHRI) for aerial vehicles is still an 73

unexplored domain. To the best of our knowledge, the only work 74

addressing this topic is [18] where a compliant controller based 75

on an admittance filter is proposed. Compliance with respect to 76

external forces is shown, but the interaction with the human is 77
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Fig. 1. Representation of the aerial human-tethered guiding system.

limited to simple contacts. The acceptance of touch-based HRI78

with aerial platforms is studied in [19].79

Differently, research done on pHRI with ground manipulators80

is already quite extensive [20], [21]. Many control methods,81

most of them based on admittance [22] and passivity-based82

methods [23], have been proposed.83

To advance the study of pHRI methods for aerial robots, in84

this work we face one of the first systems in which a human85

and an aerial robot are tightly coupled by a physical means. In86

particular, we consider a human holding a handle, which is in87

turn connected to an aerial vehicle by a cable (see Fig. 1). In this88

manuscript, we want to design a control strategy that allows the89

robot to safely “physically guide” the human toward a desired90

position (or along a predefined path) exploiting the cable as a91

force-based communication means. Previous works [24]–[26]92

already showed that tethered aerial vehicles are very suitable93

for APhI. In [27], a complete study and literature review of the94

modeling and control for tethered aerial vehicles is provided.95

However, previous solutions cannot be directly applied because96

they consider the cable always taut. This would limit the validity97

of the proposed results. On the other hand, the modeling and con-98

trol designs have been inspired by the study in [28] showing how99

the force along a cable can be used for cooperative-manipulation100

as indirect communication means among robotic agents.101

The problem of guiding humans by aerial vehicles has indeed102

been already addressed in the literature but proposing contactless103

approaches only, e.g., based on sound [29] or vision [30]. In this104

work, we rather exploit the physical interaction using forces as105

more direct feedback. This solution particularly suits for persons106

with visual or hearing limitations. There have been a number107

of contributions of ground robots guiding humans [31], [32].108

However, while they have considered a variety of capabilities to109

take into account human constraints and a variety of interaction110

modalities, only a small number of contributions considered111

pulling mobile robots or walking helpers for assisting elderly112

[33] or visually impaired people [34], [35]. However, the use of113

aerial vehicles in physical interaction with humans demands a114

careful treatment of the interaction forces and the stability of the115

system.116

Inspired by the extensive literature of pHRI for ground manip-117

ulators, we first propose the use of an admittance-based strategy118

to make the robot comply with the human. We shall show that119

exploiting this approach we can impose a desired cable force 120

that has the function to pull the human toward the desired point. 121

The design of such input requires particular attention due to 122

the flexible nature of the physical link connecting the human 123

to the robot. Taking inspiration from the theory on control of 124

manipulators with elastic joints [36], we design a robot-feedback 125

solution together with a feedforward term. The latter enforces 126

the tautness of the cable. Approximating the human behavior as a 127

mass-spring-damper system and considering the overall closed- 128

loop system, we formally prove (though Lyapunov theory) that 129

the proposed control method allows the robot to asymptotically 130

steer the human to the desired position. 131

We also show that the system is output-strictly passive. This 132

guarantees the stability of the system even in case of 133

1) model mismatches, disturbances and tracking errors, 134

2) time-varying reference for the human position, and 135

3) additional forces applied by the human to the cable (e.g., 136

if he/she wants to stop). 137

This property grants robustness and safety of the method. 138

To address the problem of path following, we design a ma- 139

neuver regulation method based on the works in [37] and [38]. 140

This avoids the excessive growth of the tracking error which 141

may lead to input saturation and, thus, instability, or too big 142

deviations from the desired path. 143

The control performance and stability of the system are 144

validated by real experiments first showing (from the best of 145

our knowledge) safe and reliable physical interaction between a 146

human and an aerial vehicle. 147

The manuscript is organized as follows. In Section II, we 148

model the entire system. In Sections III and IV, we describe 149

the proposed control strategy and we analyze the stability of the 150

closed-loop system. The additional passivity property is shown 151

in Section V. In Section VI, we describe the path following 152

approach. The experimental results are reported in Section VII. 153

Section VIII concludes this article. 154

II. MODELING 155

The system (see Fig. 1) is composed of an aerial vehi- 156

cle tethered by a cable to a handle held by the hand of a 157

human. To describe it, we define an inertial frame, FW = 158

{OW ,xW ,yW , zW }, where OW is the arbitrary origin and 159

{xW ,yW , zW } are its unit axes, with zW opposite to gravity. 160

We consider the position of the human as the position 161

of his/her hand holding the handle. A body frame, FH = 162

{OH ,xH ,yH , zH}, is rigidly attached to the handle. Its origin 163

OH is centered in the point where the cable is attached to the 164

handle. The state of the human is then given by the position 165

of OH and its linear velocity, defined by the vectors pH = 166

[pHx pHy pHz]
� ∈ R3 and vH = [vHx vHy vHz]

� ∈ R3, re- 167

spectively, both with respect to FW . 168

For the sake of designing a human-friendly robot controller, it 169

is important to consider the human’s behavior when interacting 170

with the environment. Ikeura et al. [39] analyzed the interaction 171

forces during a task in which two humans cooperatively moves 172

an object. It turned out that, for this kind of task, the human’s dy- 173

namics can be approximated with a mass-spring-damper system. 174
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The validity of such a model has been confirmed in other works175

like [40]. In [41]–[43], this impedance model has been used176

as a basis to develop human-robot cooperative or teleoperated177

manipulation tasks. We consider the human’s dynamics as178

mH v̇H = −gH −BHvH + f c + fg (1)

where mH ∈ R>0 and the positive definite matrix BH ∈179

R3×3
>0 are the mass and apparent damping, respectively; f c =180

[fcx fcy fcz]
� ∈ R3 is the cable force applied to the human181

at OH ; gH = mHgzW ; g ∈ R>0 is the gravitational constant.182

Without loss of generality, we can assume the ground being183

flat and horizontal. fg is the ground reaction force such that as184

follows:185

1) f�
g xW = f�

g yW = 0;186

2) f�
g zW > 0;187

3) v̇�
HzW = v�

HzW = 0, i.e., the human is constrained on188

the ground.189

It follows thatfg = fgzW , where fg ∈ R≥0 is the intensity of190

the reaction force. Notice that it has to be f�
c zW < mHg. This191

prevents the human from being lifted by the robot. Practically,192

this is unfeasible for standard micro aerial vehicles.193

The human mass mH models the reactivity of the human194

to external forces. A low mass means a high willingness of195

following external forces. For a high mass, it is the opposite.196

The damping effect models the willingness of the human to stay197

still. Finally, in a mass-spring-damper system, the spring models198

the desire of reaching a specific point. However, in (1) there is199

no spring term since, in our scenario, the human is not aware of200

the desired path. The human simply follows the external force201

applied by the robot through the cable.202

Remark 1: The precise modeling of the human body dynam-203

ics is out of the scope of this work. Through model (1), we want204

to capture only the macro navigation behavior of a human when205

pulled by an external force.206

Remark 2: In this work, we focus on the control of the human207

hand position rather than his/her head position. This is motivated208

by the fact that a handle integrating positioning sensors like GPS,209

IMU, and cameras, is much more comfortable and wearable with210

respect to a fully equipped helmet. Nevertheless, the use of a211

kinematic model could be employed to estimate the human’s212

head position if required.213

The cable is attached from one side to the handle, and to214

the other side to the aerial vehicle at point OR, which co-215

incides with its center of mass. We define the body frame216

FR = {OR,xR,yR, zR}, rigidly attached to the robot. Its con-217

figuration is described by the position of OR with respect to218

(w.r.t.)FW denoted by the vectorpR = [pRx pRy pRz]
� ∈ R3.219

We complete the state of the robot with the linear velocity220

vR = [vRx vRy vRz]
� ∈ R3. We neglect the rotational coordi-221

nates and relative velocity since it is not relevant for the following222

derivations.223

We assume that the robot is controlled by a position controller224

(e.g., MPC or SQP-based [44]), which minimizes the tracking225

error with respect to a desired C2 trajectory, considering the full226

dynamics of the vehicle, its input and state limits, as well as227

external disturbances. Thus, we can consider the robot closed- 228

loop translational dynamics as the one of a double integrator 229

plus a tracking error 230

v̇R = uR + δ (2)

where uR ∈ R3 is a virtual input to be designed, while δ ∈ R3 231

is a bounded variable that takes into account all the tracking 232

errors due to model mismatches and uncertainties, input and state 233

limits, external disturbances, and estimation errors. The model 234

(2) means that the robot can track any desired acceleration uR 235

with a possibly nonzero error δ. This model is suitable for both 236

multidirectional and unidirectional-thrust platforms. If we con- 237

sider a multidirectional-thrust platform capable of controlling 238

both position and orientation independently [45], (2) is a very 239

good model of the closed-loop system with δ very small. It is 240

well known that a unidirectional-thrust vehicle is differentially 241

flat w.r.t. to pR and the rotation along the thrust direction (also 242

called yaw angle). Therefore, the system is feedback linearizable 243

and perfect tracking of any desired position trajectory of class 244

C4 (continous up to the fourth time derivative) can be theoreti- 245

cally obtained. With δ we take into account all possible errors. 246

According to (2), the platform might seem “infinitely stiff’ with 247

respect to interaction forces. However, we shall suitably design 248

the input uR so as to reintroduce a compliant behavior. 249

Afterward, we model the cable that connects the aerial vehicle 250

and the handle, or equivalently the human hand, as a unilateral 251

spring along its principal direction. We define the cable force 252

produced at OH on the handle as 253

f c = tc(‖lc‖)lc/‖lc‖ (3)

where tc(‖lc‖) represents the cable internal force intensity and 254

lc = pR − pH . The force produced on the other end of the cable, 255

namely on the robot at OR, is equal to −f c. 256

In practice, the forces involved shall be very small (few 257

newtons) and the distance between the human and the robot 258

can be of few meters only. For these reasons, a thin and short 259

cable can be used, which has negligible mass and inertia w.r.t. 260

the ones of the robot and of the human. 261

Defining by l̄c ∈ R>0, the constant nominal length of the 262

cable, we say that the cable is: 263

1) Slack when the distance between the two ends is shorter 264

than l̄c. In this case, the cable force intensity is zero; 265

2) Taut when the distance between the two ends is equal 266

or greater than l̄c. In this case, the cable force intensity 267

follows Hooke’s law. 268

In particular, tc(‖lc‖) is defined as 269

tc(‖lc‖) =
{
kc(‖lc‖ − l̄c), if ‖lc‖ − l̄c > 0

0, otherwise
(4)

where kc ∈ R>0 is the constant elastic coefficient. 270

Remark 3: Notice that tc(‖lc‖) can be any continuous and 271

differentiable monotonically increasing function such that 272

tc(‖lc‖) ≥ ε‖lc‖+ γ, if ‖lc‖ − l̄c > 0 (5)
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for some ε ∈ R>0 and γ ∈ R. This allows modeling more273

complex behaviors of the cable during the initial stretch-274

ing/unstretching. We also consider the system to be always far275

from the maximum feasible tension.276

III. CONTROL METHOD277

Since the robot physically interacts with the human, it is278

important that the interaction is done in a compliant way, so as to279

always preserve stability and prevent the human to be armed or280

subjected to uncomfortable forces. For this problem, and more281

in general for physical interaction problems, a very common282

solution consists of using an admittance control strategy [46].283

According to this method, the desired motion of the robot is com-284

puted as the one of an object with a specific admittance (mass,285

stiffness, and damping) subjected to the measured external force286

acting on the robot. In this way, one can reshape the apparent287

mechanical characteristics of the system. We define the robot288

control input uR as289

uR = M−1
A (−BAvR − f c + uA) (6)

where the two positive definite diagonal matrices MA,BA ∈290

R3×3 are the virtual inertia and damping of the robot. uA ∈ R3291

is an additional input that will be defined in the following to292

achieve the desired control goal. Notice that to implement (6),293

only the state of the robot (pR,vR), and the force applied by294

the cable f c are needed. The first can be retrieved with standard295

onboard sensors, while the second can be measured with a force296

sensor or estimated by a model-based observer [45].297

It is useful to define the system state vector as x =298

[p�
H v�

H p�
R v�

R]
� ∈ X ⊂ R12 and to write the dynamics in299

a more compact state form as ẋ = f(x,uA), where300

f(x,uA) =

⎡
⎢⎢⎢⎣

vH

1
mH

(−gH −BHvH + f c + fg

)
vR

M−1
A (−BAvR − f c + uA)

⎤
⎥⎥⎥⎦ (7)

and f c is computed as in (3). For the sake of deriving the control301

law and proving the asymptotic stability in nominal conditions,302

we consider a zero modeling error. Later we shall show the303

robustness of the method when δ �= 0.304

Remark 4: The system has a hybrid nature characterized by305

two different behaviors according to the state of the cable.306

1) When x ∈ XS = {x ∈ X | ‖lc‖ − l̄c ≤ 0}, the cable is307

slack and the cable force is zero, i.e., f c = 0. In this308

condition, the robot and human evolve independently.309

2) When x ∈ XT = {x ∈ X | ‖lc‖ − l̄c > 0}, the cable is310

taut and the cable force is nonzero, i.e., f c �= 0. In this311

condition, the robot and human interact with each other312

through the cable force.313

When the cable is taut the system appears to be a couple314

of mass-damper elements connected by a spring. This system is315

similar to an elastic manipulator where the actuator (the robot) is316

connected to the end-effector (the human) by an elastic element317

(the cable). For this system, we want to control the position of the318

end-effector (human position) by the input force uA generated319

Fig. 2. Working principle of the control method. On the left the current state,
on the right in opaque, the final desired state.

Fig. 3. Block diagram of the overall control method.

by the actuator (robot). Given this parallelism, we naturally took 320

inspiration from the state of the art on control of manipulators 321

with elastic joints [36]. 322

Without the elastic element, the most natural choice for the 323

design of a linear controller is to apply a simple proportional- 324

derivative feedback from the end-effector position and velocity. 325

However, considering a single link rotating on a horizontal plane 326

and actuated with a motor through an elastic joint coupling, it 327

has been proven that a feedback action entirely based on the 328

end-effector position and velocity leads to instability, no matter 329

the gain values [36]. 330

The most preferred and grounded solution for manipulators 331

with elastic joints is to apply a feedback completely based on 332

the motor variables. If the proportional and derivative gains are 333

strictly positive, then the closed-loop system will be asymptot- 334

ically stable. Notice that, given a desired end-effector position, 335

the desired motor value is computed inverting the dynamic 336

model whose parameters need to be known. 337

To implement this control law, we only need a proportional 338

feedback w.r.t. the robot position. The damping action w.r.t. the 339

robot velocity is already present in (6). Thus, we set 340

uA = KHeR + fr
c (8)

where KH = diag(kH , kH , 0) with kH ∈ R>0, eR = pr
R − 341

pR is the robot position error, pr
R is the robot position of refer- 342

ence, and fr
c ∈ R3 is a constant forcing input. In practice, fr

c is 343

the desired cable force. Fig. 2 explains the working principle of 344

the controller, while Fig. 3 shows its block diagram. 345

IV. EQUILIBRIA AND STABILITY ANALYSIS 346

In the following, we shall show that, by properly choosing pr
R 347

and fr
c , the control law (8) can steer the human position to the 348

desired value. 349
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Theorem 1: Let us define pr
H ∈ R3 as the human position350

reference such that z�
Wpr

H = 0. Considering the system (7)351

under the control law (8) where352

fr
c = fzzW (9)

pr
R = pr

H + fr
c

(
1

kc
+

l̄c
‖fr

c‖
)

(10)

the zero velocity equilibrium x̄ = [pr
H

� 0� pr
R
� 0�]� ∈ XT353

is asymptotically stable if 0 < fz < mHg.354

Proof: Let us first compute the equilibrium state. Plugging355

(8) into (7) yields the final closed-loop dynamics356

f(x) =

⎡
⎢⎢⎢⎣

vH

1
mH

(−gH −BHvH + f c + fg

)
vR

M−1
A (−BAvR − f c +KHeR + fr

c)

⎤
⎥⎥⎥⎦ . (11)

Imposing the stability condition into (11), i.e., ẋ = f(x) = 0,357

from the second row we get358

f c = (fg −mHg) zW . (12)

This means that at the equilibrium the cable force, and thus, the359

cable itself, have to be vertical. From the fourth row in (11) and360

replacing (12), we obtain361

0 = (fg −mHg + fz) zW +KHeR. (13)

Expanding the components of KHeR along the axes of FW , it362

is easy to verify that (13) is satisfied if363

x�
WeR = 0 y�

WeR = 0 fg = mHg − fz (14)

which implies364

pRx = prRx pRy = prRy f c = fr
c . (15)

We recall that the intensity of the ground reaction force should365

be equal or greater than zero, i.e., fg ≥ 0. Thus, it has to be366

fz ≤ mHg. Notice that there are no stable configurations for367

which f c = 0, i.e., such that ‖lc‖ ≤ l̄c.368

To conclude the computation of the equilibrium configuration,369

we need to calculate the position of the human pH , and the370

vertical position of the robot pRz . Replacing conditions (15)371

into (3), after a few simple calculations, we obtain372 ⎡
⎢⎣p

r
Rx

prRy

pRz

⎤
⎥⎦+

⎡
⎢⎣pHx

pHy

0

⎤
⎥⎦ =

⎡
⎢⎣

0

0
fz
kc

+ l̄c

⎤
⎥⎦ . (16)

Replacing also (9) and (10), we finally obtain that, at the equilib-373

rium, pH = pr
H and pR = pr

R. Thus, the only equilibrium state374

for the system (7) is x̄ = [pr
H

� 0� pr
R
� 0�]� ∈ XT .375

Now we analyze the stability of the equilibrium state x̄ em-376

ploying a Lyapunov-based analysis. Let us define the following377

Lyapunov function:378

V (x) = V1(x) + V2(x) + V0 (17)

where379

V1(x) =
1

2

(
mHv�

HvH + v�
RMAvR + e�RKHeR

)
(18)

V2(x) =

∫ ‖lc(t)‖

lc0

tc(τ)dτ − l�c f̄ c (19)

V0 = f2
z /kc + 2l̄cfz. (20)

We defined lc0 = ‖lc(0)‖. In the following, we shall show that 380

the defined Lyapunov function V (x) is continuously differen- 381

tiable and radially unbounded. 382

V (x) is continuously differentiable because V1, V2, V0 are 383

clearly continuously differentiable. 384

We then show that (17) is radially unbounded (also called 385

coercive), i.e., lim‖x‖→∞ V (x) = ∞ with x ∈ X . We have that 386

clearly lim‖x‖→∞ V1(x) = ∞ forx ∈ X . For V2, we first notice 387

that, thanks to (5), there exist some ε ∈ R>0 and γ ∈ R such that 388

∫ ‖lc(t)‖

lc0

tc(τ)dτ ≥ ε

2
‖lc‖2 + γ‖lc‖. (21)

This implies that 389

lim
‖x‖→∞

V2(x) ≥ lim
‖x‖→∞

ε‖lc‖2 + γ‖lc‖ − ‖lc‖‖fr
c‖

= lim
‖x‖→∞

‖lc‖2
(
ε

2
+

γ

‖lc‖ − ‖fr
c‖

‖lc‖
)

= +∞.

(22)

This is enough to show that (17) is radially unbounded. 390

In order to prove that V (x) is positive definite, we show that it 391

has a unique global minimum in x̄, i.e., x̄ = arg minxV (x) and 392

V (x̄) = 0. Since V (x) is continuous and radially unbounded, 393

for [47, Th. 1.15], we can say that the Lyapunov function (17) has 394

a global minimum. Now we can look for this minimum among 395

the stationary points, i.e., the x where the gradient ∇V (x) = 0. 396

It is clear that ∇V1(x) = 0 only if vH = vR = 0, pRx = 397

prRx, and pRy = prRy . Regarding V2(x), let us consider its gra- 398

dient w.r.t. the cable configuration lc. For every x ∈ XS 399

∇lcV2(x) =
∂V2(x)

∂lc
=

∂

∂lc

(∫ ‖lc‖

lc0

tc(τ)dτ

)
− fr

c
�. (23)

Let us notice that for the Leibniz integral rule, we have that 400

∂

∂lc

(∫ ‖lc‖

lc0

tc(τ)dτ

)
= tc(‖lc‖)∂‖lc‖

∂lc
− tc(lc0)

∂lc0
∂lc

= tc(‖lc‖) l�c
‖lc‖ = f�

c (24)

where we used (3). Plugging (24) into (23) yields ∇lcV2(x) = 401

f�
c − fr

c
�. It follows that ∇lcV2(x) = 0 if and only if: 402

tc(‖lc‖)l�c /‖lc‖ = f�
c = fr

c
�. (25)

Condition (25) holds only if 403

a) tc(‖lc‖) = ‖fr
c‖ and lc/‖lc‖ = fr

c/‖fr
c‖; or 404

b) tc(‖lc‖) = −‖fr
c‖ and lc/‖lc‖ = −fr

c/‖fr
c‖. 405

In these two cases, the cable produces the same force fr
c , but 406

in case 1) the cable is stretched, while in case 2) the cable is 407

compressed. However, cables cannot be compressed and, thus, 408
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case 2) is not feasible for definition. The only solution is409

lc =

(
1

kc
+

l̄c
‖fr

c‖
)
fr
c (26)

which, recalling (10), leads to the conclusion that∇lcV2(x) = 0410

only if pH = pr
H and pR = pr

R. This completes the proof that411

∇V (x) = 0 only if x = x̄, and, thus, x̄ = arg minxV (x). Fi-412

nally, it is easy to verify that V1(x̄) = 0 and V0 has been defined413

such that V1(x̄) + V2(x̄) = −V0, in order to make V (x̄) = 0.414

This proves that V (x) is positive definite.415

We can now compute the time derivative of (17). Similarly to416

(24), applying the Leibniz integral rule, we have that417

d

dt

(∫ ‖lc(t)‖

lc0

tc(τ)dτ

)
= tc(‖lc‖)∂‖lc‖

∂lc
l̇c = f�

c l̇c. (27)

Therefore, the time derivative of (17) is equal to418

V̇ (x) = v�
H

(−gH −BHvH + f c + fg

)
+ v�

R (−BAvR − f c +KHeR + fr
c)

− vRKHeR + l̇cf c − l̇cf
r
c . (28)

After few simple algebraic steps we get419

V̇ (x) = −v�
HBHvH − v�

RBAvR. (29)

V̇ (x) is clearly negative semidefinite, in X .420

Since V̇ (x) is only negative semidefinite, to prove the asymp-421

totic stability we rely on LaSalle’s invariance principle [48].422

The Lyapunov candidate V (x) is a continuously differentiable423

function. Let us define a positively invariant set Ωα = {x ∈424

X | V (x) ≤ α with α ∈ R>0}. By construction,Ωα is compact425

since (17) is radially unbounded. Notice that Ω0 contains only426

x̄. Then, we need to find the largest invariant setM in E = {x ∈427

Ωα | V̇ (x) = 0}. A trajectory x(t) belongs identically to E if428

V̇ (x(t)) ≡ 0 ⇔ vH(t) = vR(t) ≡ 0 ⇔ v̇H = v̇R = 0. As we429

saw previously in the calculation of the equilibria, this is verified430

only if x = x̄. Therefore, M contains only x̄. All conditions of431

LaSalle’s principle are satisfied and x̄ is globally asymptotically432

stable. �433

To get more hints on the behavior of the system let us analyze434

it for x ∈ XS (slack cable). Human’s and robot’s dynamics are435

independent and the first results to be436

mH v̇H = −BHvH . (30)

Whatever is the initial condition limt→+∞ vH(t) = 0. Notice437

that the human will stop but his final position depends only on438

the initial conditions. For the robot dynamics, let us write first439

the dynamic equation along xW440

mAv̇Rx = −bAvRx + kHeRx (31)

where mA ∈ R>0 and bA ∈ R>0 are such that MA =441

diag(mA,mA,mA) and BA = diag(bA, bA, bA). It is easy to442

verify that the state (vRx, eRx) = (0, 0) is asymptotically sta-443

ble. The same for the robot dynamics along yW : the state444

(vRy, eRy) = (0, 0) is asymptotically stable. On the other hand,445

the robot dynamics along zW results to be446

mAv̇Rz = −bAvRz + fz. (32)

Whatever is the initial condition, limt→+∞ vRz(t) = fz/bA > 447

0. This means that the robot horizontal position will tend to the 448

desired one, while, along the vertical axes, it will tend to fly up 449

until the cable will become taut. In fact, d
dt‖lc(t)‖ = ‖vR(t)− 450

vH(t)‖ → fz/bA > 0. This means that ‖lc‖ will grow until 451

‖lc‖ > l̄c, i.e., until the cable becomes taut. After this instant, the 452

robot interacts with the human through the cable and eventually 453

pulls him/her to the desired position. According to the specific 454

initial condition, it might be that the state trajectory might pass 455

from XT to XS several times. However, the previous Lyapunov- 456

based reasoning proofs that eventually the system will converge 457

to x̄, no matter the initial conditions. 458

Remark 5: Although the system seems passive for every vir- 459

tual admittance of the robot, the dynamics of the robot actuators 460

and sensors, as well as the real implementation of the control 461

framework, impose minimum values for the virtual inertia and 462

damping. This is in accordance with the practical intuition that 463

minimum compliance of the interaction is required. Notice that 464

the mechanical flexibility of some elements, e.g., the cable, helps 465

in meeting such requirements. 466

V. ROBUSTNESS OF THE SYSTEM 467

Previously, we formally proved that an admittance strategy 468

together with controller (8) asymptotically steer the human 469

position to a desired constant position pr
H . This is valid if the 470

human follows the force provided by the robot without exerting 471

other forces except for the damping effect. In the following, 472

we shall show the intrinsic robustness of the controller against 473

time-varying position references, modeling errors, and possible 474

additional human forces (e.g., if he/she wants to stop). 475

A. Time-Varying Position Reference 476

We remark that with the control law (8), the resulting final 477

path followed by the human to arrive at the goal only depends 478

on the initial conditions. In a real application, this is not a desired 479

behavior, e.g., when a blind human must be guided to a specific 480

point in an environment with possible obstacles. In this scenario, 481

it is more likely that the human position reference is not con- 482

stantly equal to the final goal position, but is rather a time-varying 483

path pr
H(t) that leads the human to the goal, avoiding obstacles, 484

or possible sources of danger. To face this objective, taking into 485

account a possibly time-varying path pr
H(t), and time-varying 486

desired cable force fr
c(t), for t ∈ [0, T ], we modify the original 487

control law (8) as 488

uA(t) = KHeRT (t) + fr
T + u′

A(t) (33)

where eRT (t) = pr
R(T )− pR(t), f

r
T = fr

c(T ) = fzzW , and 489

u′
A(t) is such that uA(t) = KH(pr

R(t)− pR(t)) + fr
c(t) for 490

every t ∈ [0, T ]. This is a simple way to gather in u′
A the time- 491

varying desired quantities. It results thatu′
A(t) = KH(pr

R(t)− 492

pr
R(T )) + (fr

c(t)− fr
c(T )). 493

To ensure that the system remains stable even when the human 494

position reference is time-varying, i.e., for u′
A(t) �= 0, we shall 495

prove that the system is output-strictly passive w.r.t. the input- 496

output pair (u1,y1) = (u′
A,vR). 497
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Theorem 2: If uA is defined as in (33) for a certain pr
H(t)498

and fr
c(t), with t ∈ [0, T ], then system (7) is output-strictly499

passive w.r.t. the storage function (17) and the input-output pair500

(u1,y1) = (u′
A,vR).501

Proof: In the proof of Theorem 1, we already showed that502

(17) is a continuously differentiable positive definite function.503

Replacing (33) into (7), and differentiating (17), we obtain504

V̇ (x) = −v�
HBHvH − v�

RBAvR + u′�
A vR (34)

≤ −v�
RBAvR + u′�

A vR = u�
1 y1 − y�

1φ1(y1) (35)

withφ1(y1) = BAvR. Since y�
1φ1(y1) ≥ 0 for every y1 �= 0,505

we can conclude that the system (7) is output-strictly pas-506

sive [48]. �507

Given the passivity of the system, we have that for a bounded508

input u′
A, i.e., bounded reference trajectories, the overall energy509

of the system remains bounded too. Furthermore, the system510

stabilizes to a constant value as soon as u′
A becomes constant511

again. This means that, while the robot moves following pr
R(t)512

and fr
c(t), the overall state of the system will remain bounded. It513

will then converge to another specific equilibrium configuration514

when u′
A becomes constant.515

B. Modeling Errors516

As we mentioned in Section II, nonzero model errors might517

appear due to model uncertainties, nonlinear effects, external518

disturbances, etc. With δ �= 0, the system dynamics becomes519

f(x,uA) =

⎡
⎢⎢⎢⎣

vH

1
mH

(−gH −BHvH + f c + fg

)
vR

M−1
A (−BAvR − f c + uA) + δ

⎤
⎥⎥⎥⎦ . (36)

We shall show that the system remains stable also when δ �= 0.520

Theorem 3: System (36) under the control law (8) is output-521

strictly passive w.r.t. the storage function (17) and the input-522

output pair (u2,y2) = (δ,vR).523

Proof: We can rewrite equations (36) and (8) as (7) and524

uA = KHeR + fr
c +MAδ (37)

respectively. Noticing the similarity between (37) and (33), the525

proof follows as the one of Theorem 2. �526

Given the passivity of the system, we have that for a bounded527

model error δ, the overall energy of the system remains bounded528

too. Passivity is a well-known robust property, especially w.r.t.529

model uncertainties. This means that, to ensure the stability of530

the system, an accurate model of the system is not necessary, as531

far as the passivity is guaranteed.532

C. Additional Human Force533

In Section II, we modeled the human as a simple mass-damper534

system subjected to the force exerted by the cable only. Never-535

theless, during the guidance, the human may want to stop or to536

deviate from the desired path, e.g., to pick up an object. In these537

cases, the human will generate additional forces that will modify538

his/her trajectory. It is important that, even in this condition, the539

system is guaranteed to be stable and that the state converges to 540

the desired value as soon as the human forces go back to zero. 541

We define the vector uH ∈ R3 as the sum of all the forces 542

applied by the human that generate a translational motion. The 543

closed-loop system dynamics, expressed in (7), becomes 544

f(x) =

⎡
⎢⎢⎢⎣

vH

1
mH

(−gH −BHvH + f c + fg + uH

)
vR

M−1
A (−BAvR − f c + uA)

⎤
⎥⎥⎥⎦ . (38)

To ensure that the system remains stable even when the 545

human forces are not zero, i.e., for uH �= 0, we shall prove 546

that the system is output-strictly passive w.r.t. the input-output 547

pair (u3,y3) = (uH ,vH). 548

Theorem 4: System (38) under the control law (8) is output- 549

strictly passive w.r.t. the storage function (17) and the input- 550

output pair (u3,y3) = (uH ,vH). 551

Proof: In the proof of Theorem 1, we already showed that 552

(17) is a continuously differentiable positive definite function. 553

Considering (38) and differentiating (17), we obtain 554

V̇ (x) = −v�
HBHvH − v�

RBAvR + u�
HvH (39)

≤ −v�
HBHvH + u�

HvH = u�
3 y3 − y�

3φ2(y3) (40)

withφ2(y3) = BHvH . Sincey�
3φ2(y3) ≥ 0 for everyy3 �= 0, 555

we can conclude that the system (38) is output-strictly pas- 556

sive [48]. � 557

Conclusions similar to the ones in Section V-A can be drawn. 558

In particular, we have that for a bounded input uH , i.e., bounded 559

human forces, the overall energy of the system remains bounded 560

too. Furthermore, the system stabilizes to a constant value as 561

soon as uH goes back to zero or balance the cable force. This 562

means that while the human moves subjected to a nonzero (but 563

bounded) human force uH �= 0, the overall state of the system 564

will remain bounded. It will then converge to another specific 565

equilibrium configuration as soon as uH goes back to zero or 566

balance the cable force. 567

In particular, considering the case in which the human wants 568

to stop in a certain position pH , it has to be that vH = v̇H = 0. 569

This means thatuH = f c. It is then easy to verify that the robot’s 570

position at the new equilibrium will be such that 571

lc =
(‖β‖+ l̄ckc

)
⎡
⎢⎣kc + kH 0 0

0 kc + kH 0

0 0 kc

⎤
⎥⎦
−1

β

‖β‖ (41)

where β = KH(pr
R − pH) + fr

c . Using a Lyapunov-based ar- 572

gument similar to the one in the proof of Theorem 1, it is easy to 573

show that such zero-velocity equilibrium state is asymptotically 574

stable. This provides a high level of robustness to different 575

human behaviors. 576

Following the same reasoning of Theorems 2–4, we can 577

ensure that the system remains stable even when the human 578

position reference is time-varying, there are nonzero model 579

errors, and the human forces are not zero. 580

Theorem 5: System (38) under the control law uA(t) = 581

KHeRT (t) + f r
T + u′

A(t) +MAδ is output-strictly passive 582
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w.r.t. the storage function (17) and the input-output pair (u,y) =583

([u�
1 u�

2 u�
3 ]

�, [y�
1 y�

2 y�
3 ]

�).584

Proof: The proof is trivial and follows the same steps of the585

proof of Theorems 2–4. �586

VI. PATH-FOLLOWING PROBLEM587

In Section V-A, we shown that even if the human position and588

cable force of reference are time-varying, the system remains589

stable. This can be exploited for the problem of following a590

desired path. In the following, we shall define a strategy to lead591

the human along the desired path, allowing him/her to stop or592

slightly deviate from the path without causing instability.593

Given a desired human path1 defined by its parametric repre-594

sentation pd
H(s) ∈ R3, where s ∈ [0, 1] is called parameter, we595

first define the desired cable force along the path fd(s) ∈ R3.596

This is the force that we would like the human feels all along the597

path. fd(s) works as a feedforward term, i.e., it is the nominal598

pulling force that drags the human along the path. In standard599

path-following problems [49], this is similar to defining the600

desired velocity along the path. Inspired by most of the related601

works, we define602

fd(s) = fd
xy(s) + fd

z (42)

where603

fd
xy(s) = fd

xy(s)
∇sp

d
H(s)

‖∇spd
H(s)‖ , fd

z = fzzW (43)

and fd
xy(s) is such that fd

xy(1) = 0. In particular, here, we chose604

a trapezoidal profile that starts with a nonzero value. Notice605

that the planar pulling force fd
xy(s) is tangential to the path and606

correctly drive the human along the path. Furthermore, at the end607

of the path, i.e., for s = 1,fd(1) = fd
z , which guaranteespd

H(1)608

being asymptotically stable if pr
H = pd

H(1) and fr
c = fd(1), as609

it is shown in Section IV.610

Now that, we have the desired maneuver η =611

{(pd
H(s),fd(s)) ∈ R3 × R3 | s ∈ [0, 1]}, considering the612

control strategy described so far [(6) and (8)], we seek a method613

to choose pr
H(t) and fr

c(t) such that pH(t) asymptotically614

converges to the path pd
H(s), i.e.,615

lim
t→∞‖pH(t)− pd

H(s�(t))‖ (44)

for any smooth function s�(t) : R → [0, 1] [50]. We first set616

pr
H(t) = pd

H(s�(t)), fr
c(t) = fd(s�(t)). (45)

We only have to define s�(t). A very simple way would be617

to define a time law such that s�(0) = 0 and s�(T ) = 1 for a618

given time T ∈ R>0, e.g., using a spline or a linear function.619

However, this would fall into the trajectory tracking category,620

which suffers from some robustness issues. Imagine that the621

human decides to stop or to slightly deviate from the path. At622

the same time, the desired reference advances increasing the623

position error. If not tackled accurately, e.g., with saturations,624

1The path is considered given and is such that no obstacles are present in its
proximity. The minimum distance to the obstacle will be given by the precision
of the control method.

the increase of the position error might saturate the robot in- 625

puts making the system unstable. Even if inputs saturation are 626

properly addressed, once the human decides to follow again the 627

robot, the latter will try to quickly catch up with the moving 628

desired state. The desired path will not be followed anymore, 629

and possible collisions with obstacles may occur. 630

To avoid this issue, we implement a maneuver regulation 631

approach similar to the one in [37] and [38], defining 632

s�(t) = arg min
s∈[0,1]

‖pd
H(s)− pH(t)‖. (46)

At every time t, the reference human position is the one be- 633

longing to pd
H and closer to the actual human position. f c is 634

computed accordingly. It is clear that employing this solution, 635

even if the human stops, the position error will not grow. In 636

fact, pr
H will remain the same. Notice that to have (46) well 637

defined, pd
H must be nonintersecting. Furthermore, it must be 638

that fd
xy(s) �= 0 for all s �= 1. This is necessary to make the 639

human always advance along the path. 640

Replacing the maneuver regulation policy (45) into the orig- 641

inal controller (8), we obtain 642

uA(t) = KH(pd
R(s

�(t)− pR(t))) + fd
xy(s

�(t)) + fd
z (47)

where pd
R is computed as in (10) with pd

R and fd instead of pr
R 643

and fr
c , respectively. The overall control action is divided into 644

three parts as follows. 645

1) The first is a proportional term that tends to bring the robot 646

(and, thus, the human) to the desired position. 647

2) The second is a feedforward force that tends to pull the 648

human along the desired path. 649

3) The third is a forcing vertical force that prevents the cable 650

to become slack. 651

Notice that as soon as s�(t) = 1, (47) is equal to (8) where 652

pr
H = pd

H(1). Thus, the asymptotical stability of pd
H(1) is en- 653

sured. The stability of the system for s �= 1 is also guaranteed 654

thanks to the passivity of the system. 655

Remark 6: Notice that to implement (46), the actual position 656

of the human is required. This can be easily retrieved either with 657

some embedded sensors in the handle (like GPS), or inverting 658

(10) using the actual robot position and cable force. 659

VII. EXPERIMENTAL VALIDATION 660

A. Testbed Setup 661

The system employed in these indoor experiments is shown 662

in Fig. 1. It consists of a quadrotor aerial vehicle connected by a 663

cable to a handle hold by a human being. The latter is wearing all 664

safety protections including glasses, gloves, and a helmet. The 665

holder, simply built with a three-dimensional printer, is equipped 666

with motion tracking markers to obtain a measure of pH . The 667

experiments are performed indoor employing a motion capture 668

system (MOCAP) to allow the tracking of the human hand. Here, 669

the use of a reliable positioning system has also the advantage 670

to enhance human safety. Notice that the proposed experiments 671

still encapsulates the main challenges addressed in the work, 672

i.e., the stability of pHRI The integration of a redundant sensory 673
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Fig. 4. Representation of the experimental phases. On each snapshot the robot
is highlighted with a purple circle. Robot and human trajectories are marked with
purple and red dashed lines, respectively.

suit for safe flights outdoors is not the focus of this manuscript674

and is left as future work.675

The cable connecting the human-handle has a rest-length676

l̄c = 1 [m], and a negligible mass (less than 10 [g]). The aerial677

vehicle is a 1.3 [Kg] custom quadrotor platform equipped with a678

custom Paparazzi-based flight-controller, four brushless motor679

controllers running an in-house developed firmware that allows680

regulating the propeller speed in closed-loop [51], and an on-681

board PC that runs a UKF state estimator, a geometric position682

controller [52], and the admittance filter. The state estimator683

fuses the data coming from the onboard IMU (accelerometer684

and gyroscope) at 1 [kHz] and from the MOCAP (position and685

attitude) at 60 [Hz]. The measure of the cable force required686

in (6) is obtained with a model-based wrench observer [45].687

These components run onboard at 1 [kHz] using the open-source688

software framework TeleKyb3.2 The admittance filter parame-689

ters have been set to MA = 0.8I3 and BA = 2.4I3, where690

I3 = diag(1, 1, 1). Notice that to implement the controller, the691

virtual admittance parameters of the human are not needed.692

The controller (8) and the path-following strategy described693

in Section VI are instead implemented in MATLAB/Simulink.694

The input uA is computed based on the references pr
H and695

fr
c calculated as in (45), and sent to the onboard admittance696

controller at 100 [Hz] via a Wi-Fi connection. The gain kH697

has been set equal to 4.5. This, together with the gains of the698

admittance filter, has been set after a tuning campaign aiming699

at optimizing the user experience. We wanted the user to feel700

a reasonable force, but still not too strong, and as smooth as701

possible. This has been also obtained properly choosing the702

desired force reference along the path. We set fz = 1 [N ] to703

keep the cable always taut, and fd
xy(s) as a trapezoidal pro-704

file such that max(fd
xy(s)) = 1.5 [N ] and fd

xy(1) = 0. Finally,705

pd
H(s) is a smooth path going from pd

H(0) = [−2 − 0.5 0]�706

to pd
H(1) = [2 0 0]�, avoiding a virtual obstacle placed in the707

middle of the two points (see Fig. 4). The trajectory has been708

computed using a simple piecewise polynomial function.709

The experiment is divided into three phases (see Fig. 4).710

Ph.1: The human stays in a safe place. The robot takes off and711

goes into an initial point in position mode. After, the admittance712

filter is activated with uA = 0. This allows the human safely713

grabbing the handle.714

2TeleKyb3 is freely [Online]. Available: https://git.openrobots.org/projects/
telekyb3.

Fig. 5. Detailed experimental results of one subject. (a) Desired and actual
human path showed in the xy plane. Four schematic representation of the system
along the path are shown. The green and blue circles represent the human hand
and the robot, respectively. The black line represents the cable. The red and
yellow arrows represent the x-y components of uA and fc, respectively. (b) Plots
of the human position error (zoomed during the guiding phase), desired and
actual human hand position, robot position, and cable force.

Ph.2: Once the human holds the handle, the proposed guiding 715

control, and path-following strategy are activated and the robot 716

pulls the human along the desired path pd
H(s). 717

Ph.3: Once the human reaches the final position, the robot 718

will be vertically placed on top of the handle. In this condition, 719

the human feels no horizontal pulling force and can release the 720

handle. The human guiding controller and the admittance filter 721

are disabled. Finally, the robot lands in position mode. 722

During the experiment, the human is not blinded for safety 723

reasons. Nevertheless, he/she is asked to look at the ground and 724

not at the robot, focusing on the forces felt on the hand. This is 725

done to encourage the human to be led feeling the forces that 726

the robot is applying through the cable, instead of using it as a 727

visual reference. Furthermore, the human is first “trained” on a 728

different path to make him/her comfortable with the experiment, 729

and confident with the reliability of the robot. 730

B. Experimental Results 731

In Fig. 5, we report the detailed results obtained with one 732

participant of the experimental campaign. In Fig. 5(a), we show 733

the desired and actual human path from the top, during Phase 2. 734

We also schematically depict the system configuration at some 735

instants to show how the robot pulls the human along the desired 736

https://git.openrobots.org/projects/telekyb3
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path. In Fig. 5(b), detailed quantities of the system along the full737

experiments are shown.738

During Phase 1, the robot takes off and goes in the initial739

desired position. The nonzero estimated force along zW corre-740

sponds to the weight of the handle that in this phase is suspended741

below the robot. The initial oscillations of pHx and pHy are also742

caused by the oscillations of the handle.743

Passing to Phase 2, the robot starts moving to stretch the cable744

and pull the human. This can be seen from the estimated force745

along the cable. Looking at the human position error eH(t) =746

pr
H(t)− pH(t), we remark that its norm is always below 5 [cm].747

Although the error is quite small, what is more important is that748

the stability of the interaction is always guaranteed, even though749

the human applies nonzero forces. The experiment additionally750

validates the passivity of the system, which guarantees stability751

even in nonideal conditions. One can notice that, during Phase752

2, there is an error between the desired horizontal force and the753

actual one. This is because the robot is moving and the damping754

plays against the generation of the desired force. Passivity-based755

methods are known to be very conservative. Practically, this is756

not a problem. If the human is moving toward the good direction,757

there is no need to increase the guiding force. On the other hand,758

if the human stops, the robot will apply the desired force, clearly759

showing the correct direction to the human.760

Phase 3 starts when the human does not feel horizontal forces.761

He/she understands to be arrived at the desired position and so762

releases the handle. After, the robot lands.763

To further validate the proposed system, we tested it with764

a group of four different subjects, performing the experiment765

twice. To evaluate the path-following performance, we define766

the path-following error with respect to the desired path as767

ePH(s) = min
t∈[0,T ]

(
(pH(t)− pd

H(s))�pd
H

⊥
(s)
)

(48)

where pd
H

⊥
(s) ∈ R3 is the normal vector to the path in the point768

pd
H(s), and T ∈ R>0 is the experiment final time. Given a cer-769

tain point of the desired pathpd
H(s), parameterized by s, ePH(s) is770

the distance between pd
H(s) and the human position intersecting771

the normal to the path in pd
H(s). Notice that this definition is a772

geometric error; it does not depend on the velocity of the human,773

neither on his/her trajectory, but just on the geometric path.3 For774

each s ∈ [0, 1], we then define the mean path-following error775

ēPH(s), and the corresponding standard deviation (std) σH(s)776

ēPH(s) =
1

N

N∑
j=1

ePHj(s)

σH(s) =
1

N − 1

N∑
j=1

(
ēPH(s)− ePHj(s)

)2
(49)

where N is the number of performed tests, and the subscript777

	j indicates the jth test. Fig. 6 shows the global performance.778

One can notice that ēPH(s) is always below 5 [cm], while the779

3Other definitions of the distance between paths can be used. We believe that
(48) allows to clearly show the envelope around the desired path in which the
human will probably pass.

Fig. 6. Experimental results of eight tests with four subjects. On the top: the
desired human path, the actual human path for the eight experiments, and the
mean human path showed in the xy plane. On the bottom: the path-following
error ePHj

for every experiment, and the mean path-following error.

maximum standard deviation is below 10 [cm]. This means that, 780

according to the performed experiments, the human will always 781

pass in a tube with diameter 60 [cm] around the desired path. 782

This information could be used at the motion planning level to 783

compute paths that stay sufficiently away from obstacles. We 784

also remark that every subject behaves in a slightly different 785

way (e.g., following the robot with a higher of lower speed, 786

making stops, applying extra forces, etc.). Nevertheless, the 787

system always maintains stability and provides good tracking 788

performance. We remark that these results do not pretend to be 789

statistically significant. The goal is to provide a global evaluation 790

of the proposed method, which further validates its stability and 791

robustness. 792

Notice that the human tends to stay always “outward” the 793

desired curve. This is the effect of the human inertia that the robot 794

controller does not take into account. Furthermore, we noticed 795

that the human might have some difficulties understanding that 796

he/she is arrived, resulting in useless small corrections. These 797

marginal aspects are left to future works. 798

VIII. CONCLUSION 799

In this article, a system composed by a human physically 800

connected to an aerial vehicle was studied for the first time. The 801

human holds a handle that is connected by a cable to an aerial 802

platform. The objective is to make the robot capable of safely 803

guiding the human to a desired position, or along a desired path, 804

by pulling him/her exploiting the tether. 805

We proposed a control strategy that makes the robot compliant 806

to the human interaction and allows to exert forces to the human. 807

These forces were properly designed to drive the human to a 808

desired position. Using Lyapunov theory, we formally proved 809

that the desired human position is asymptotically stable for the 810

considered closed-loop system. Furthermore, we showed that the 811

latter is output-strictly passive, which guarantees stability and 812

robustness of the method even for time-varying inputs, nonzero 813

model errors, and for nonzero extra human forces. An additional 814
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maneuver regulation strategy was designed to allow the robot815

guiding the human along a desired path.816

The overall method was experimentally validated with a group817

of four subjects. The results showed that the system was able818

to keep the path-following error bounded. The robot correctly819

drives the human along the desired path, compensating for820

errors, and guaranteeing the stability.821

From a practical point of view, we foresee the integration822

of onboard sensors for outdoor operations and for the onboard823

detection and avoidance of obstacles.824

From a more scientific point of view, the human model could825

be enhanced to include the main body and arm elements, together826

with the heading. This should be considered in the controller to827

improve the control of the human configuration, i.e., position828

of the main body, heading, and relative position of the arm.829

A more precise hybrid position/force controller (like the one830

in [53]) could be applied, in order to finely control the intensity831

and direction of the force felt by the human, regardless to his/her832

velocity.833

HRI aspects, like the acceptability of the system from the834

human, were not the focus of this work. However they will be835

analyzed in the future through a complete user study. A human-836

aware path planner could be designed to explicitly consider at837

the planning level a path acceptable by the human taking into838

account human-preferences in terms of distance to obstacles and839

dynamics of the motion [54], as well as adaptation to human pace840

[55]. The improvement of the indirect force-based communica-841

tion between human and robot using additional stimulus should842

be investigated as well. Impulsive forces or wearable haptic843

devices could be used to enhance the human-robot interface.844

From one hand the robot should be able to estimate and then react845

to human intentions (e.g., start/stop the mission). From the other846

hand, the human awareness should be augmented providing847

additional information (e.g., distance to obstacles or the desired848

path).849
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Physical Human-Robot Interaction With a Tethered
Aerial Vehicle: Application to a Force-Based

Human Guiding Problem
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Abstract—Today, physical human-robot interaction (pHRI) is5
a very popular topic in the field of ground manipulation. At the6
same time, aerial physical interaction is also developing very fast.7
Nevertheless, pHRI with aerial vehicles has not been addressed so8
far. In this work, we present the study of one of the first systems9
in which a human is physically connected to an aerial vehicle by10
a cable. We want the robot to be able to pull the human toward11
a desired position (or along a path) only using forces as an in-12
direct communication-channel. We propose an admittance-based13
approach with a controller, inspired by the literature on flexible14
manipulators, that computes the desired interaction forces that15
properly guide the human. The stability of the system is formally16
proved with a Lyapunov-based argument. The system is also shown17
to be passive, and thus robust to nonidealities like model and18
tracking errors, additional human forces, time-varying inputs, and19
other external disturbances. We also design a maneuver regulation20
policy to simplify the path following problem. The global method21
has been experimentally validated on a group of four subjects,22
showing a reliable and safe pHRI.23

Index Terms—Aerial systems, force control, motion control,24
mechanics and control, physical human-robot interaction (pHRI).25

I. INTRODUCTION26

A ERIAL robotics is one of the research fields receiving a27

constantly growing interest. This is motivated by the wide28

range of applications, which unmanned aerial vehicles are useful29

for, e.g., monitoring, agriculture, etc. Beyond these contact-free30

applications, many investments and efforts have been recently31

dedicated to Aerial physical interaction (APhI). Several research32

labs and companies are conceiving and studying new aerial33
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robots with manipulation capabilities that can interact with the 34

environment [1]. 35

The research community already proposed several solutions 36

to enhance physical interaction capabilities of aerial vehicles. 37

Examples are rigid tools or articulated arms attached to standard 38

unidirectional-thrust aerial vehicles [2], [3], or to tilted/tiltable 39

multirotor platforms that are fully actuated [4]. These works 40

showed the feasibility of APhI for different tasks like pushing, 41

sliding [5], and transportation, allowing new applications as 42

contact-based inspection [6] and assembly. 43

It is natural that the presence of such robots in our daily 44

life will grow as well. This requires the next generation of 45

aerial robots to be able to safely and reliably interact with 46

the environment, but also with humans. So far, human-robot 47

interaction (HRI) has been rarely addressed in the aerial robotics 48

community. Most of the works focus on remote control propos- 49

ing bilateral teleoperation methods to help humans control single 50

and multiple aerial vehicles [7]. Recently, the teleoperation 51

problem has been extended to APhI as well [8]. 52

In these cases, humans and robots are in separate environ- 53

ments and the interaction is only virtual. The study of scenarios 54

where aerial robots share the same environment of humans 55

is still poorly addressed and limited to contactless HRI [9], 56

[10]. Peshkova et al. [11] and Cauchard et al. [12] proposed a 57

survey on the use of natural communication means like gestures, 58

speech, and gaze direction to let the human interface with the 59

robot. 60

Another important topic recently explored is the social ac- 61

ceptance of aerial robots [13]. In [14] the problem is addressed 62

from a design point of view, analyzing how the propellers of 63

multirotor platforms affect the comfort of humans. In a different 64

direction, a few papers [15], [16] recently started to investigate 65

the social constraints (distance, speed, direction of approach, 66

etc.) that should be applied to the motion of an aerial robot in 67

the proximity of a human. While human-aware motion planning 68

has been substantially studied for ground robots [17], it is still 69

very preliminary for aerial robots. 70

Therefore, the works presented so far focus only on con- 71

tactless HRI for aerial robots. On the other hand, physical 72

human-robot interaction (pHRI) for aerial vehicles is still an 73

unexplored domain. To the best of our knowledge, the only work 74

addressing this topic is [18] where a compliant controller based 75

on an admittance filter is proposed. Compliance with respect to 76

external forces is shown, but the interaction with the human is 77

1552-3098 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. Representation of the aerial human-tethered guiding system.

limited to simple contacts. The acceptance of touch-based HRI78

with aerial platforms is studied in [19].79

Differently, research done on pHRI with ground manipulators80

is already quite extensive [20], [21]. Many control methods,81

most of them based on admittance [22] and passivity-based82

methods [23], have been proposed.83

To advance the study of pHRI methods for aerial robots, in84

this work we face one of the first systems in which a human85

and an aerial robot are tightly coupled by a physical means. In86

particular, we consider a human holding a handle, which is in87

turn connected to an aerial vehicle by a cable (see Fig. 1). In this88

manuscript, we want to design a control strategy that allows the89

robot to safely “physically guide” the human toward a desired90

position (or along a predefined path) exploiting the cable as a91

force-based communication means. Previous works [24]–[26]92

already showed that tethered aerial vehicles are very suitable93

for APhI. In [27], a complete study and literature review of the94

modeling and control for tethered aerial vehicles is provided.95

However, previous solutions cannot be directly applied because96

they consider the cable always taut. This would limit the validity97

of the proposed results. On the other hand, the modeling and con-98

trol designs have been inspired by the study in [28] showing how99

the force along a cable can be used for cooperative-manipulation100

as indirect communication means among robotic agents.101

The problem of guiding humans by aerial vehicles has indeed102

been already addressed in the literature but proposing contactless103

approaches only, e.g., based on sound [29] or vision [30]. In this104

work, we rather exploit the physical interaction using forces as105

more direct feedback. This solution particularly suits for persons106

with visual or hearing limitations. There have been a number107

of contributions of ground robots guiding humans [31], [32].108

However, while they have considered a variety of capabilities to109

take into account human constraints and a variety of interaction110

modalities, only a small number of contributions considered111

pulling mobile robots or walking helpers for assisting elderly112

[33] or visually impaired people [34], [35]. However, the use of113

aerial vehicles in physical interaction with humans demands a114

careful treatment of the interaction forces and the stability of the115

system.116

Inspired by the extensive literature of pHRI for ground manip-117

ulators, we first propose the use of an admittance-based strategy118

to make the robot comply with the human. We shall show that119

exploiting this approach we can impose a desired cable force 120

that has the function to pull the human toward the desired point. 121

The design of such input requires particular attention due to 122

the flexible nature of the physical link connecting the human 123

to the robot. Taking inspiration from the theory on control of 124

manipulators with elastic joints [36], we design a robot-feedback 125

solution together with a feedforward term. The latter enforces 126

the tautness of the cable. Approximating the human behavior as a 127

mass-spring-damper system and considering the overall closed- 128

loop system, we formally prove (though Lyapunov theory) that 129

the proposed control method allows the robot to asymptotically 130

steer the human to the desired position. 131

We also show that the system is output-strictly passive. This 132

guarantees the stability of the system even in case of 133

1) model mismatches, disturbances and tracking errors, 134

2) time-varying reference for the human position, and 135

3) additional forces applied by the human to the cable (e.g., 136

if he/she wants to stop). 137

This property grants robustness and safety of the method. 138

To address the problem of path following, we design a ma- 139

neuver regulation method based on the works in [37] and [38]. 140

This avoids the excessive growth of the tracking error which 141

may lead to input saturation and, thus, instability, or too big 142

deviations from the desired path. 143

The control performance and stability of the system are 144

validated by real experiments first showing (from the best of 145

our knowledge) safe and reliable physical interaction between a 146

human and an aerial vehicle. 147

The manuscript is organized as follows. In Section II, we 148

model the entire system. In Sections III and IV, we describe 149

the proposed control strategy and we analyze the stability of the 150

closed-loop system. The additional passivity property is shown 151

in Section V. In Section VI, we describe the path following 152

approach. The experimental results are reported in Section VII. 153

Section VIII concludes this article. 154

II. MODELING 155

The system (see Fig. 1) is composed of an aerial vehi- 156

cle tethered by a cable to a handle held by the hand of a 157

human. To describe it, we define an inertial frame, FW = 158

{OW ,xW ,yW , zW }, where OW is the arbitrary origin and 159

{xW ,yW , zW } are its unit axes, with zW opposite to gravity. 160

We consider the position of the human as the position 161

of his/her hand holding the handle. A body frame, FH = 162

{OH ,xH ,yH , zH}, is rigidly attached to the handle. Its origin 163

OH is centered in the point where the cable is attached to the 164

handle. The state of the human is then given by the position 165

of OH and its linear velocity, defined by the vectors pH = 166

[pHx pHy pHz]
� ∈ R3 and vH = [vHx vHy vHz]

� ∈ R3, re- 167

spectively, both with respect to FW . 168

For the sake of designing a human-friendly robot controller, it 169

is important to consider the human’s behavior when interacting 170

with the environment. Ikeura et al. [39] analyzed the interaction 171

forces during a task in which two humans cooperatively moves 172

an object. It turned out that, for this kind of task, the human’s dy- 173

namics can be approximated with a mass-spring-damper system. 174
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The validity of such a model has been confirmed in other works175

like [40]. In [41]–[43], this impedance model has been used176

as a basis to develop human-robot cooperative or teleoperated177

manipulation tasks. We consider the human’s dynamics as178

mH v̇H = −gH −BHvH + f c + fg (1)

where mH ∈ R>0 and the positive definite matrix BH ∈179

R3×3
>0 are the mass and apparent damping, respectively; f c =180

[fcx fcy fcz]
� ∈ R3 is the cable force applied to the human181

at OH ; gH = mHgzW ; g ∈ R>0 is the gravitational constant.182

Without loss of generality, we can assume the ground being183

flat and horizontal. fg is the ground reaction force such that as184

follows:185

1) f�
g xW = f�

g yW = 0;186

2) f�
g zW > 0;187

3) v̇�
HzW = v�

HzW = 0, i.e., the human is constrained on188

the ground.189

It follows thatfg = fgzW , where fg ∈ R≥0 is the intensity of190

the reaction force. Notice that it has to be f�
c zW < mHg. This191

prevents the human from being lifted by the robot. Practically,192

this is unfeasible for standard micro aerial vehicles.193

The human mass mH models the reactivity of the human194

to external forces. A low mass means a high willingness of195

following external forces. For a high mass, it is the opposite.196

The damping effect models the willingness of the human to stay197

still. Finally, in a mass-spring-damper system, the spring models198

the desire of reaching a specific point. However, in (1) there is199

no spring term since, in our scenario, the human is not aware of200

the desired path. The human simply follows the external force201

applied by the robot through the cable.202

Remark 1: The precise modeling of the human body dynam-203

ics is out of the scope of this work. Through model (1), we want204

to capture only the macro navigation behavior of a human when205

pulled by an external force.206

Remark 2: In this work, we focus on the control of the human207

hand position rather than his/her head position. This is motivated208

by the fact that a handle integrating positioning sensors like GPS,209

IMU, and cameras, is much more comfortable and wearable with210

respect to a fully equipped helmet. Nevertheless, the use of a211

kinematic model could be employed to estimate the human’s212

head position if required.213

The cable is attached from one side to the handle, and to214

the other side to the aerial vehicle at point OR, which co-215

incides with its center of mass. We define the body frame216

FR = {OR,xR,yR, zR}, rigidly attached to the robot. Its con-217

figuration is described by the position of OR with respect to218

(w.r.t.)FW denoted by the vectorpR = [pRx pRy pRz]
� ∈ R3.219

We complete the state of the robot with the linear velocity220

vR = [vRx vRy vRz]
� ∈ R3. We neglect the rotational coordi-221

nates and relative velocity since it is not relevant for the following222

derivations.223

We assume that the robot is controlled by a position controller224

(e.g., MPC or SQP-based [44]), which minimizes the tracking225

error with respect to a desired C2 trajectory, considering the full226

dynamics of the vehicle, its input and state limits, as well as227

external disturbances. Thus, we can consider the robot closed- 228

loop translational dynamics as the one of a double integrator 229

plus a tracking error 230

v̇R = uR + δ (2)

where uR ∈ R3 is a virtual input to be designed, while δ ∈ R3 231

is a bounded variable that takes into account all the tracking 232

errors due to model mismatches and uncertainties, input and state 233

limits, external disturbances, and estimation errors. The model 234

(2) means that the robot can track any desired acceleration uR 235

with a possibly nonzero error δ. This model is suitable for both 236

multidirectional and unidirectional-thrust platforms. If we con- 237

sider a multidirectional-thrust platform capable of controlling 238

both position and orientation independently [45], (2) is a very 239

good model of the closed-loop system with δ very small. It is 240

well known that a unidirectional-thrust vehicle is differentially 241

flat w.r.t. to pR and the rotation along the thrust direction (also 242

called yaw angle). Therefore, the system is feedback linearizable 243

and perfect tracking of any desired position trajectory of class 244

C4 (continous up to the fourth time derivative) can be theoreti- 245

cally obtained. With δ we take into account all possible errors. 246

According to (2), the platform might seem “infinitely stiff’ with 247

respect to interaction forces. However, we shall suitably design 248

the input uR so as to reintroduce a compliant behavior. 249

Afterward, we model the cable that connects the aerial vehicle 250

and the handle, or equivalently the human hand, as a unilateral 251

spring along its principal direction. We define the cable force 252

produced at OH on the handle as 253

f c = tc(‖lc‖)lc/‖lc‖ (3)

where tc(‖lc‖) represents the cable internal force intensity and 254

lc = pR − pH . The force produced on the other end of the cable, 255

namely on the robot at OR, is equal to −f c. 256

In practice, the forces involved shall be very small (few 257

newtons) and the distance between the human and the robot 258

can be of few meters only. For these reasons, a thin and short 259

cable can be used, which has negligible mass and inertia w.r.t. 260

the ones of the robot and of the human. 261

Defining by l̄c ∈ R>0, the constant nominal length of the 262

cable, we say that the cable is: 263

1) Slack when the distance between the two ends is shorter 264

than l̄c. In this case, the cable force intensity is zero; 265

2) Taut when the distance between the two ends is equal 266

or greater than l̄c. In this case, the cable force intensity 267

follows Hooke’s law. 268

In particular, tc(‖lc‖) is defined as 269

tc(‖lc‖) =
{
kc(‖lc‖ − l̄c), if ‖lc‖ − l̄c > 0

0, otherwise
(4)

where kc ∈ R>0 is the constant elastic coefficient. 270

Remark 3: Notice that tc(‖lc‖) can be any continuous and 271

differentiable monotonically increasing function such that 272

tc(‖lc‖) ≥ ε‖lc‖+ γ, if ‖lc‖ − l̄c > 0 (5)
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for some ε ∈ R>0 and γ ∈ R. This allows modeling more273

complex behaviors of the cable during the initial stretch-274

ing/unstretching. We also consider the system to be always far275

from the maximum feasible tension.276

III. CONTROL METHOD277

Since the robot physically interacts with the human, it is278

important that the interaction is done in a compliant way, so as to279

always preserve stability and prevent the human to be armed or280

subjected to uncomfortable forces. For this problem, and more281

in general for physical interaction problems, a very common282

solution consists of using an admittance control strategy [46].283

According to this method, the desired motion of the robot is com-284

puted as the one of an object with a specific admittance (mass,285

stiffness, and damping) subjected to the measured external force286

acting on the robot. In this way, one can reshape the apparent287

mechanical characteristics of the system. We define the robot288

control input uR as289

uR = M−1
A (−BAvR − f c + uA) (6)

where the two positive definite diagonal matrices MA,BA ∈290

R3×3 are the virtual inertia and damping of the robot. uA ∈ R3291

is an additional input that will be defined in the following to292

achieve the desired control goal. Notice that to implement (6),293

only the state of the robot (pR,vR), and the force applied by294

the cable f c are needed. The first can be retrieved with standard295

onboard sensors, while the second can be measured with a force296

sensor or estimated by a model-based observer [45].297

It is useful to define the system state vector as x =298

[p�
H v�

H p�
R v�

R]
� ∈ X ⊂ R12 and to write the dynamics in299

a more compact state form as ẋ = f(x,uA), where300

f(x,uA) =

⎡
⎢⎢⎢⎣

vH

1
mH

(−gH −BHvH + f c + fg

)
vR

M−1
A (−BAvR − f c + uA)

⎤
⎥⎥⎥⎦ (7)

and f c is computed as in (3). For the sake of deriving the control301

law and proving the asymptotic stability in nominal conditions,302

we consider a zero modeling error. Later we shall show the303

robustness of the method when δ �= 0.304

Remark 4: The system has a hybrid nature characterized by305

two different behaviors according to the state of the cable.306

1) When x ∈ XS = {x ∈ X | ‖lc‖ − l̄c ≤ 0}, the cable is307

slack and the cable force is zero, i.e., f c = 0. In this308

condition, the robot and human evolve independently.309

2) When x ∈ XT = {x ∈ X | ‖lc‖ − l̄c > 0}, the cable is310

taut and the cable force is nonzero, i.e., f c �= 0. In this311

condition, the robot and human interact with each other312

through the cable force.313

When the cable is taut the system appears to be a couple314

of mass-damper elements connected by a spring. This system is315

similar to an elastic manipulator where the actuator (the robot) is316

connected to the end-effector (the human) by an elastic element317

(the cable). For this system, we want to control the position of the318

end-effector (human position) by the input force uA generated319

Fig. 2. Working principle of the control method. On the left the current state,
on the right in opaque, the final desired state.

Fig. 3. Block diagram of the overall control method.

by the actuator (robot). Given this parallelism, we naturally took 320

inspiration from the state of the art on control of manipulators 321

with elastic joints [36]. 322

Without the elastic element, the most natural choice for the 323

design of a linear controller is to apply a simple proportional- 324

derivative feedback from the end-effector position and velocity. 325

However, considering a single link rotating on a horizontal plane 326

and actuated with a motor through an elastic joint coupling, it 327

has been proven that a feedback action entirely based on the 328

end-effector position and velocity leads to instability, no matter 329

the gain values [36]. 330

The most preferred and grounded solution for manipulators 331

with elastic joints is to apply a feedback completely based on 332

the motor variables. If the proportional and derivative gains are 333

strictly positive, then the closed-loop system will be asymptot- 334

ically stable. Notice that, given a desired end-effector position, 335

the desired motor value is computed inverting the dynamic 336

model whose parameters need to be known. 337

To implement this control law, we only need a proportional 338

feedback w.r.t. the robot position. The damping action w.r.t. the 339

robot velocity is already present in (6). Thus, we set 340

uA = KHeR + fr
c (8)

where KH = diag(kH , kH , 0) with kH ∈ R>0, eR = pr
R − 341

pR is the robot position error, pr
R is the robot position of refer- 342

ence, and fr
c ∈ R3 is a constant forcing input. In practice, fr

c is 343

the desired cable force. Fig. 2 explains the working principle of 344

the controller, while Fig. 3 shows its block diagram. 345

IV. EQUILIBRIA AND STABILITY ANALYSIS 346

In the following, we shall show that, by properly choosing pr
R 347

and fr
c , the control law (8) can steer the human position to the 348

desired value. 349
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Theorem 1: Let us define pr
H ∈ R3 as the human position350

reference such that z�
Wpr

H = 0. Considering the system (7)351

under the control law (8) where352

fr
c = fzzW (9)

pr
R = pr

H + fr
c

(
1

kc
+

l̄c
‖fr

c‖
)

(10)

the zero velocity equilibrium x̄ = [pr
H

� 0� pr
R
� 0�]� ∈ XT353

is asymptotically stable if 0 < fz < mHg.354

Proof: Let us first compute the equilibrium state. Plugging355

(8) into (7) yields the final closed-loop dynamics356

f(x) =

⎡
⎢⎢⎢⎣

vH

1
mH

(−gH −BHvH + f c + fg

)
vR

M−1
A (−BAvR − f c +KHeR + fr

c)

⎤
⎥⎥⎥⎦ . (11)

Imposing the stability condition into (11), i.e., ẋ = f(x) = 0,357

from the second row we get358

f c = (fg −mHg) zW . (12)

This means that at the equilibrium the cable force, and thus, the359

cable itself, have to be vertical. From the fourth row in (11) and360

replacing (12), we obtain361

0 = (fg −mHg + fz) zW +KHeR. (13)

Expanding the components of KHeR along the axes of FW , it362

is easy to verify that (13) is satisfied if363

x�
WeR = 0 y�

WeR = 0 fg = mHg − fz (14)

which implies364

pRx = prRx pRy = prRy f c = fr
c . (15)

We recall that the intensity of the ground reaction force should365

be equal or greater than zero, i.e., fg ≥ 0. Thus, it has to be366

fz ≤ mHg. Notice that there are no stable configurations for367

which f c = 0, i.e., such that ‖lc‖ ≤ l̄c.368

To conclude the computation of the equilibrium configuration,369

we need to calculate the position of the human pH , and the370

vertical position of the robot pRz . Replacing conditions (15)371

into (3), after a few simple calculations, we obtain372 ⎡
⎢⎣p

r
Rx

prRy

pRz

⎤
⎥⎦+

⎡
⎢⎣pHx

pHy

0

⎤
⎥⎦ =

⎡
⎢⎣

0

0
fz
kc

+ l̄c

⎤
⎥⎦ . (16)

Replacing also (9) and (10), we finally obtain that, at the equilib-373

rium, pH = pr
H and pR = pr

R. Thus, the only equilibrium state374

for the system (7) is x̄ = [pr
H

� 0� pr
R
� 0�]� ∈ XT .375

Now we analyze the stability of the equilibrium state x̄ em-376

ploying a Lyapunov-based analysis. Let us define the following377

Lyapunov function:378

V (x) = V1(x) + V2(x) + V0 (17)

where379

V1(x) =
1

2

(
mHv�

HvH + v�
RMAvR + e�RKHeR

)
(18)

V2(x) =

∫ ‖lc(t)‖

lc0

tc(τ)dτ − l�c f̄ c (19)

V0 = f2
z /kc + 2l̄cfz. (20)

We defined lc0 = ‖lc(0)‖. In the following, we shall show that 380

the defined Lyapunov function V (x) is continuously differen- 381

tiable and radially unbounded. 382

V (x) is continuously differentiable because V1, V2, V0 are 383

clearly continuously differentiable. 384

We then show that (17) is radially unbounded (also called 385

coercive), i.e., lim‖x‖→∞ V (x) = ∞ with x ∈ X . We have that 386

clearly lim‖x‖→∞ V1(x) = ∞ forx ∈ X . For V2, we first notice 387

that, thanks to (5), there exist some ε ∈ R>0 and γ ∈ R such that 388

∫ ‖lc(t)‖

lc0

tc(τ)dτ ≥ ε

2
‖lc‖2 + γ‖lc‖. (21)

This implies that 389

lim
‖x‖→∞

V2(x) ≥ lim
‖x‖→∞

ε‖lc‖2 + γ‖lc‖ − ‖lc‖‖fr
c‖

= lim
‖x‖→∞

‖lc‖2
(
ε

2
+

γ

‖lc‖ − ‖fr
c‖

‖lc‖
)

= +∞.

(22)

This is enough to show that (17) is radially unbounded. 390

In order to prove that V (x) is positive definite, we show that it 391

has a unique global minimum in x̄, i.e., x̄ = arg minxV (x) and 392

V (x̄) = 0. Since V (x) is continuous and radially unbounded, 393

for [47, Th. 1.15], we can say that the Lyapunov function (17) has 394

a global minimum. Now we can look for this minimum among 395

the stationary points, i.e., the x where the gradient ∇V (x) = 0. 396

It is clear that ∇V1(x) = 0 only if vH = vR = 0, pRx = 397

prRx, and pRy = prRy . Regarding V2(x), let us consider its gra- 398

dient w.r.t. the cable configuration lc. For every x ∈ XS 399

∇lcV2(x) =
∂V2(x)

∂lc
=

∂

∂lc

(∫ ‖lc‖

lc0

tc(τ)dτ

)
− fr

c
�. (23)

Let us notice that for the Leibniz integral rule, we have that 400

∂

∂lc

(∫ ‖lc‖

lc0

tc(τ)dτ

)
= tc(‖lc‖)∂‖lc‖

∂lc
− tc(lc0)

∂lc0
∂lc

= tc(‖lc‖) l�c
‖lc‖ = f�

c (24)

where we used (3). Plugging (24) into (23) yields ∇lcV2(x) = 401

f�
c − fr

c
�. It follows that ∇lcV2(x) = 0 if and only if: 402

tc(‖lc‖)l�c /‖lc‖ = f�
c = fr

c
�. (25)

Condition (25) holds only if 403

a) tc(‖lc‖) = ‖fr
c‖ and lc/‖lc‖ = fr

c/‖fr
c‖; or 404

b) tc(‖lc‖) = −‖fr
c‖ and lc/‖lc‖ = −fr

c/‖fr
c‖. 405

In these two cases, the cable produces the same force fr
c , but 406

in case 1) the cable is stretched, while in case 2) the cable is 407

compressed. However, cables cannot be compressed and, thus, 408
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case 2) is not feasible for definition. The only solution is409

lc =

(
1

kc
+

l̄c
‖fr

c‖
)
fr
c (26)

which, recalling (10), leads to the conclusion that∇lcV2(x) = 0410

only if pH = pr
H and pR = pr

R. This completes the proof that411

∇V (x) = 0 only if x = x̄, and, thus, x̄ = arg minxV (x). Fi-412

nally, it is easy to verify that V1(x̄) = 0 and V0 has been defined413

such that V1(x̄) + V2(x̄) = −V0, in order to make V (x̄) = 0.414

This proves that V (x) is positive definite.415

We can now compute the time derivative of (17). Similarly to416

(24), applying the Leibniz integral rule, we have that417

d

dt

(∫ ‖lc(t)‖

lc0

tc(τ)dτ

)
= tc(‖lc‖)∂‖lc‖

∂lc
l̇c = f�

c l̇c. (27)

Therefore, the time derivative of (17) is equal to418

V̇ (x) = v�
H

(−gH −BHvH + f c + fg

)
+ v�

R (−BAvR − f c +KHeR + fr
c)

− vRKHeR + l̇cf c − l̇cf
r
c . (28)

After few simple algebraic steps we get419

V̇ (x) = −v�
HBHvH − v�

RBAvR. (29)

V̇ (x) is clearly negative semidefinite, in X .420

Since V̇ (x) is only negative semidefinite, to prove the asymp-421

totic stability we rely on LaSalle’s invariance principle [48].422

The Lyapunov candidate V (x) is a continuously differentiable423

function. Let us define a positively invariant set Ωα = {x ∈424

X | V (x) ≤ α with α ∈ R>0}. By construction,Ωα is compact425

since (17) is radially unbounded. Notice that Ω0 contains only426

x̄. Then, we need to find the largest invariant setM in E = {x ∈427

Ωα | V̇ (x) = 0}. A trajectory x(t) belongs identically to E if428

V̇ (x(t)) ≡ 0 ⇔ vH(t) = vR(t) ≡ 0 ⇔ v̇H = v̇R = 0. As we429

saw previously in the calculation of the equilibria, this is verified430

only if x = x̄. Therefore, M contains only x̄. All conditions of431

LaSalle’s principle are satisfied and x̄ is globally asymptotically432

stable. �433

To get more hints on the behavior of the system let us analyze434

it for x ∈ XS (slack cable). Human’s and robot’s dynamics are435

independent and the first results to be436

mH v̇H = −BHvH . (30)

Whatever is the initial condition limt→+∞ vH(t) = 0. Notice437

that the human will stop but his final position depends only on438

the initial conditions. For the robot dynamics, let us write first439

the dynamic equation along xW440

mAv̇Rx = −bAvRx + kHeRx (31)

where mA ∈ R>0 and bA ∈ R>0 are such that MA =441

diag(mA,mA,mA) and BA = diag(bA, bA, bA). It is easy to442

verify that the state (vRx, eRx) = (0, 0) is asymptotically sta-443

ble. The same for the robot dynamics along yW : the state444

(vRy, eRy) = (0, 0) is asymptotically stable. On the other hand,445

the robot dynamics along zW results to be446

mAv̇Rz = −bAvRz + fz. (32)

Whatever is the initial condition, limt→+∞ vRz(t) = fz/bA > 447

0. This means that the robot horizontal position will tend to the 448

desired one, while, along the vertical axes, it will tend to fly up 449

until the cable will become taut. In fact, d
dt‖lc(t)‖ = ‖vR(t)− 450

vH(t)‖ → fz/bA > 0. This means that ‖lc‖ will grow until 451

‖lc‖ > l̄c, i.e., until the cable becomes taut. After this instant, the 452

robot interacts with the human through the cable and eventually 453

pulls him/her to the desired position. According to the specific 454

initial condition, it might be that the state trajectory might pass 455

from XT to XS several times. However, the previous Lyapunov- 456

based reasoning proofs that eventually the system will converge 457

to x̄, no matter the initial conditions. 458

Remark 5: Although the system seems passive for every vir- 459

tual admittance of the robot, the dynamics of the robot actuators 460

and sensors, as well as the real implementation of the control 461

framework, impose minimum values for the virtual inertia and 462

damping. This is in accordance with the practical intuition that 463

minimum compliance of the interaction is required. Notice that 464

the mechanical flexibility of some elements, e.g., the cable, helps 465

in meeting such requirements. 466

V. ROBUSTNESS OF THE SYSTEM 467

Previously, we formally proved that an admittance strategy 468

together with controller (8) asymptotically steer the human 469

position to a desired constant position pr
H . This is valid if the 470

human follows the force provided by the robot without exerting 471

other forces except for the damping effect. In the following, 472

we shall show the intrinsic robustness of the controller against 473

time-varying position references, modeling errors, and possible 474

additional human forces (e.g., if he/she wants to stop). 475

A. Time-Varying Position Reference 476

We remark that with the control law (8), the resulting final 477

path followed by the human to arrive at the goal only depends 478

on the initial conditions. In a real application, this is not a desired 479

behavior, e.g., when a blind human must be guided to a specific 480

point in an environment with possible obstacles. In this scenario, 481

it is more likely that the human position reference is not con- 482

stantly equal to the final goal position, but is rather a time-varying 483

path pr
H(t) that leads the human to the goal, avoiding obstacles, 484

or possible sources of danger. To face this objective, taking into 485

account a possibly time-varying path pr
H(t), and time-varying 486

desired cable force fr
c(t), for t ∈ [0, T ], we modify the original 487

control law (8) as 488

uA(t) = KHeRT (t) + fr
T + u′

A(t) (33)

where eRT (t) = pr
R(T )− pR(t), f

r
T = fr

c(T ) = fzzW , and 489

u′
A(t) is such that uA(t) = KH(pr

R(t)− pR(t)) + fr
c(t) for 490

every t ∈ [0, T ]. This is a simple way to gather in u′
A the time- 491

varying desired quantities. It results thatu′
A(t) = KH(pr

R(t)− 492

pr
R(T )) + (fr

c(t)− fr
c(T )). 493

To ensure that the system remains stable even when the human 494

position reference is time-varying, i.e., for u′
A(t) �= 0, we shall 495

prove that the system is output-strictly passive w.r.t. the input- 496

output pair (u1,y1) = (u′
A,vR). 497
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Theorem 2: If uA is defined as in (33) for a certain pr
H(t)498

and fr
c(t), with t ∈ [0, T ], then system (7) is output-strictly499

passive w.r.t. the storage function (17) and the input-output pair500

(u1,y1) = (u′
A,vR).501

Proof: In the proof of Theorem 1, we already showed that502

(17) is a continuously differentiable positive definite function.503

Replacing (33) into (7), and differentiating (17), we obtain504

V̇ (x) = −v�
HBHvH − v�

RBAvR + u′�
A vR (34)

≤ −v�
RBAvR + u′�

A vR = u�
1 y1 − y�

1φ1(y1) (35)

withφ1(y1) = BAvR. Since y�
1φ1(y1) ≥ 0 for every y1 �= 0,505

we can conclude that the system (7) is output-strictly pas-506

sive [48]. �507

Given the passivity of the system, we have that for a bounded508

input u′
A, i.e., bounded reference trajectories, the overall energy509

of the system remains bounded too. Furthermore, the system510

stabilizes to a constant value as soon as u′
A becomes constant511

again. This means that, while the robot moves following pr
R(t)512

and fr
c(t), the overall state of the system will remain bounded. It513

will then converge to another specific equilibrium configuration514

when u′
A becomes constant.515

B. Modeling Errors516

As we mentioned in Section II, nonzero model errors might517

appear due to model uncertainties, nonlinear effects, external518

disturbances, etc. With δ �= 0, the system dynamics becomes519

f(x,uA) =

⎡
⎢⎢⎢⎣

vH

1
mH

(−gH −BHvH + f c + fg

)
vR

M−1
A (−BAvR − f c + uA) + δ

⎤
⎥⎥⎥⎦ . (36)

We shall show that the system remains stable also when δ �= 0.520

Theorem 3: System (36) under the control law (8) is output-521

strictly passive w.r.t. the storage function (17) and the input-522

output pair (u2,y2) = (δ,vR).523

Proof: We can rewrite equations (36) and (8) as (7) and524

uA = KHeR + fr
c +MAδ (37)

respectively. Noticing the similarity between (37) and (33), the525

proof follows as the one of Theorem 2. �526

Given the passivity of the system, we have that for a bounded527

model error δ, the overall energy of the system remains bounded528

too. Passivity is a well-known robust property, especially w.r.t.529

model uncertainties. This means that, to ensure the stability of530

the system, an accurate model of the system is not necessary, as531

far as the passivity is guaranteed.532

C. Additional Human Force533

In Section II, we modeled the human as a simple mass-damper534

system subjected to the force exerted by the cable only. Never-535

theless, during the guidance, the human may want to stop or to536

deviate from the desired path, e.g., to pick up an object. In these537

cases, the human will generate additional forces that will modify538

his/her trajectory. It is important that, even in this condition, the539

system is guaranteed to be stable and that the state converges to 540

the desired value as soon as the human forces go back to zero. 541

We define the vector uH ∈ R3 as the sum of all the forces 542

applied by the human that generate a translational motion. The 543

closed-loop system dynamics, expressed in (7), becomes 544

f(x) =

⎡
⎢⎢⎢⎣

vH

1
mH

(−gH −BHvH + f c + fg + uH

)
vR

M−1
A (−BAvR − f c + uA)

⎤
⎥⎥⎥⎦ . (38)

To ensure that the system remains stable even when the 545

human forces are not zero, i.e., for uH �= 0, we shall prove 546

that the system is output-strictly passive w.r.t. the input-output 547

pair (u3,y3) = (uH ,vH). 548

Theorem 4: System (38) under the control law (8) is output- 549

strictly passive w.r.t. the storage function (17) and the input- 550

output pair (u3,y3) = (uH ,vH). 551

Proof: In the proof of Theorem 1, we already showed that 552

(17) is a continuously differentiable positive definite function. 553

Considering (38) and differentiating (17), we obtain 554

V̇ (x) = −v�
HBHvH − v�

RBAvR + u�
HvH (39)

≤ −v�
HBHvH + u�

HvH = u�
3 y3 − y�

3φ2(y3) (40)

withφ2(y3) = BHvH . Sincey�
3φ2(y3) ≥ 0 for everyy3 �= 0, 555

we can conclude that the system (38) is output-strictly pas- 556

sive [48]. � 557

Conclusions similar to the ones in Section V-A can be drawn. 558

In particular, we have that for a bounded input uH , i.e., bounded 559

human forces, the overall energy of the system remains bounded 560

too. Furthermore, the system stabilizes to a constant value as 561

soon as uH goes back to zero or balance the cable force. This 562

means that while the human moves subjected to a nonzero (but 563

bounded) human force uH �= 0, the overall state of the system 564

will remain bounded. It will then converge to another specific 565

equilibrium configuration as soon as uH goes back to zero or 566

balance the cable force. 567

In particular, considering the case in which the human wants 568

to stop in a certain position pH , it has to be that vH = v̇H = 0. 569

This means thatuH = f c. It is then easy to verify that the robot’s 570

position at the new equilibrium will be such that 571

lc =
(‖β‖+ l̄ckc

)
⎡
⎢⎣kc + kH 0 0

0 kc + kH 0

0 0 kc

⎤
⎥⎦
−1

β

‖β‖ (41)

where β = KH(pr
R − pH) + fr

c . Using a Lyapunov-based ar- 572

gument similar to the one in the proof of Theorem 1, it is easy to 573

show that such zero-velocity equilibrium state is asymptotically 574

stable. This provides a high level of robustness to different 575

human behaviors. 576

Following the same reasoning of Theorems 2–4, we can 577

ensure that the system remains stable even when the human 578

position reference is time-varying, there are nonzero model 579

errors, and the human forces are not zero. 580

Theorem 5: System (38) under the control law uA(t) = 581

KHeRT (t) + f r
T + u′

A(t) +MAδ is output-strictly passive 582
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w.r.t. the storage function (17) and the input-output pair (u,y) =583

([u�
1 u�

2 u�
3 ]

�, [y�
1 y�

2 y�
3 ]

�).584

Proof: The proof is trivial and follows the same steps of the585

proof of Theorems 2–4. �586

VI. PATH-FOLLOWING PROBLEM587

In Section V-A, we shown that even if the human position and588

cable force of reference are time-varying, the system remains589

stable. This can be exploited for the problem of following a590

desired path. In the following, we shall define a strategy to lead591

the human along the desired path, allowing him/her to stop or592

slightly deviate from the path without causing instability.593

Given a desired human path1 defined by its parametric repre-594

sentation pd
H(s) ∈ R3, where s ∈ [0, 1] is called parameter, we595

first define the desired cable force along the path fd(s) ∈ R3.596

This is the force that we would like the human feels all along the597

path. fd(s) works as a feedforward term, i.e., it is the nominal598

pulling force that drags the human along the path. In standard599

path-following problems [49], this is similar to defining the600

desired velocity along the path. Inspired by most of the related601

works, we define602

fd(s) = fd
xy(s) + fd

z (42)

where603

fd
xy(s) = fd

xy(s)
∇sp

d
H(s)

‖∇spd
H(s)‖ , fd

z = fzzW (43)

and fd
xy(s) is such that fd

xy(1) = 0. In particular, here, we chose604

a trapezoidal profile that starts with a nonzero value. Notice605

that the planar pulling force fd
xy(s) is tangential to the path and606

correctly drive the human along the path. Furthermore, at the end607

of the path, i.e., for s = 1,fd(1) = fd
z , which guaranteespd

H(1)608

being asymptotically stable if pr
H = pd

H(1) and fr
c = fd(1), as609

it is shown in Section IV.610

Now that, we have the desired maneuver η =611

{(pd
H(s),fd(s)) ∈ R3 × R3 | s ∈ [0, 1]}, considering the612

control strategy described so far [(6) and (8)], we seek a method613

to choose pr
H(t) and fr

c(t) such that pH(t) asymptotically614

converges to the path pd
H(s), i.e.,615

lim
t→∞‖pH(t)− pd

H(s�(t))‖ (44)

for any smooth function s�(t) : R → [0, 1] [50]. We first set616

pr
H(t) = pd

H(s�(t)), fr
c(t) = fd(s�(t)). (45)

We only have to define s�(t). A very simple way would be617

to define a time law such that s�(0) = 0 and s�(T ) = 1 for a618

given time T ∈ R>0, e.g., using a spline or a linear function.619

However, this would fall into the trajectory tracking category,620

which suffers from some robustness issues. Imagine that the621

human decides to stop or to slightly deviate from the path. At622

the same time, the desired reference advances increasing the623

position error. If not tackled accurately, e.g., with saturations,624

1The path is considered given and is such that no obstacles are present in its
proximity. The minimum distance to the obstacle will be given by the precision
of the control method.

the increase of the position error might saturate the robot in- 625

puts making the system unstable. Even if inputs saturation are 626

properly addressed, once the human decides to follow again the 627

robot, the latter will try to quickly catch up with the moving 628

desired state. The desired path will not be followed anymore, 629

and possible collisions with obstacles may occur. 630

To avoid this issue, we implement a maneuver regulation 631

approach similar to the one in [37] and [38], defining 632

s�(t) = arg min
s∈[0,1]

‖pd
H(s)− pH(t)‖. (46)

At every time t, the reference human position is the one be- 633

longing to pd
H and closer to the actual human position. f c is 634

computed accordingly. It is clear that employing this solution, 635

even if the human stops, the position error will not grow. In 636

fact, pr
H will remain the same. Notice that to have (46) well 637

defined, pd
H must be nonintersecting. Furthermore, it must be 638

that fd
xy(s) �= 0 for all s �= 1. This is necessary to make the 639

human always advance along the path. 640

Replacing the maneuver regulation policy (45) into the orig- 641

inal controller (8), we obtain 642

uA(t) = KH(pd
R(s

�(t)− pR(t))) + fd
xy(s

�(t)) + fd
z (47)

where pd
R is computed as in (10) with pd

R and fd instead of pr
R 643

and fr
c , respectively. The overall control action is divided into 644

three parts as follows. 645

1) The first is a proportional term that tends to bring the robot 646

(and, thus, the human) to the desired position. 647

2) The second is a feedforward force that tends to pull the 648

human along the desired path. 649

3) The third is a forcing vertical force that prevents the cable 650

to become slack. 651

Notice that as soon as s�(t) = 1, (47) is equal to (8) where 652

pr
H = pd

H(1). Thus, the asymptotical stability of pd
H(1) is en- 653

sured. The stability of the system for s �= 1 is also guaranteed 654

thanks to the passivity of the system. 655

Remark 6: Notice that to implement (46), the actual position 656

of the human is required. This can be easily retrieved either with 657

some embedded sensors in the handle (like GPS), or inverting 658

(10) using the actual robot position and cable force. 659

VII. EXPERIMENTAL VALIDATION 660

A. Testbed Setup 661

The system employed in these indoor experiments is shown 662

in Fig. 1. It consists of a quadrotor aerial vehicle connected by a 663

cable to a handle hold by a human being. The latter is wearing all 664

safety protections including glasses, gloves, and a helmet. The 665

holder, simply built with a three-dimensional printer, is equipped 666

with motion tracking markers to obtain a measure of pH . The 667

experiments are performed indoor employing a motion capture 668

system (MOCAP) to allow the tracking of the human hand. Here, 669

the use of a reliable positioning system has also the advantage 670

to enhance human safety. Notice that the proposed experiments 671

still encapsulates the main challenges addressed in the work, 672

i.e., the stability of pHRI The integration of a redundant sensory 673
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Fig. 4. Representation of the experimental phases. On each snapshot the robot
is highlighted with a purple circle. Robot and human trajectories are marked with
purple and red dashed lines, respectively.

suit for safe flights outdoors is not the focus of this manuscript674

and is left as future work.675

The cable connecting the human-handle has a rest-length676

l̄c = 1 [m], and a negligible mass (less than 10 [g]). The aerial677

vehicle is a 1.3 [Kg] custom quadrotor platform equipped with a678

custom Paparazzi-based flight-controller, four brushless motor679

controllers running an in-house developed firmware that allows680

regulating the propeller speed in closed-loop [51], and an on-681

board PC that runs a UKF state estimator, a geometric position682

controller [52], and the admittance filter. The state estimator683

fuses the data coming from the onboard IMU (accelerometer684

and gyroscope) at 1 [kHz] and from the MOCAP (position and685

attitude) at 60 [Hz]. The measure of the cable force required686

in (6) is obtained with a model-based wrench observer [45].687

These components run onboard at 1 [kHz] using the open-source688

software framework TeleKyb3.2 The admittance filter parame-689

ters have been set to MA = 0.8I3 and BA = 2.4I3, where690

I3 = diag(1, 1, 1). Notice that to implement the controller, the691

virtual admittance parameters of the human are not needed.692

The controller (8) and the path-following strategy described693

in Section VI are instead implemented in MATLAB/Simulink.694

The input uA is computed based on the references pr
H and695

fr
c calculated as in (45), and sent to the onboard admittance696

controller at 100 [Hz] via a Wi-Fi connection. The gain kH697

has been set equal to 4.5. This, together with the gains of the698

admittance filter, has been set after a tuning campaign aiming699

at optimizing the user experience. We wanted the user to feel700

a reasonable force, but still not too strong, and as smooth as701

possible. This has been also obtained properly choosing the702

desired force reference along the path. We set fz = 1 [N ] to703

keep the cable always taut, and fd
xy(s) as a trapezoidal pro-704

file such that max(fd
xy(s)) = 1.5 [N ] and fd

xy(1) = 0. Finally,705

pd
H(s) is a smooth path going from pd

H(0) = [−2 − 0.5 0]�706

to pd
H(1) = [2 0 0]�, avoiding a virtual obstacle placed in the707

middle of the two points (see Fig. 4). The trajectory has been708

computed using a simple piecewise polynomial function.709

The experiment is divided into three phases (see Fig. 4).710

Ph.1: The human stays in a safe place. The robot takes off and711

goes into an initial point in position mode. After, the admittance712

filter is activated with uA = 0. This allows the human safely713

grabbing the handle.714

2TeleKyb3 is freely [Online]. Available: https://git.openrobots.org/projects/
telekyb3.

Fig. 5. Detailed experimental results of one subject. (a) Desired and actual
human path showed in the xy plane. Four schematic representation of the system
along the path are shown. The green and blue circles represent the human hand
and the robot, respectively. The black line represents the cable. The red and
yellow arrows represent the x-y components of uA and fc, respectively. (b) Plots
of the human position error (zoomed during the guiding phase), desired and
actual human hand position, robot position, and cable force.

Ph.2: Once the human holds the handle, the proposed guiding 715

control, and path-following strategy are activated and the robot 716

pulls the human along the desired path pd
H(s). 717

Ph.3: Once the human reaches the final position, the robot 718

will be vertically placed on top of the handle. In this condition, 719

the human feels no horizontal pulling force and can release the 720

handle. The human guiding controller and the admittance filter 721

are disabled. Finally, the robot lands in position mode. 722

During the experiment, the human is not blinded for safety 723

reasons. Nevertheless, he/she is asked to look at the ground and 724

not at the robot, focusing on the forces felt on the hand. This is 725

done to encourage the human to be led feeling the forces that 726

the robot is applying through the cable, instead of using it as a 727

visual reference. Furthermore, the human is first “trained” on a 728

different path to make him/her comfortable with the experiment, 729

and confident with the reliability of the robot. 730

B. Experimental Results 731

In Fig. 5, we report the detailed results obtained with one 732

participant of the experimental campaign. In Fig. 5(a), we show 733

the desired and actual human path from the top, during Phase 2. 734

We also schematically depict the system configuration at some 735

instants to show how the robot pulls the human along the desired 736



IEE
E P

ro
of

10 IEEE TRANSACTIONS ON ROBOTICS

path. In Fig. 5(b), detailed quantities of the system along the full737

experiments are shown.738

During Phase 1, the robot takes off and goes in the initial739

desired position. The nonzero estimated force along zW corre-740

sponds to the weight of the handle that in this phase is suspended741

below the robot. The initial oscillations of pHx and pHy are also742

caused by the oscillations of the handle.743

Passing to Phase 2, the robot starts moving to stretch the cable744

and pull the human. This can be seen from the estimated force745

along the cable. Looking at the human position error eH(t) =746

pr
H(t)− pH(t), we remark that its norm is always below 5 [cm].747

Although the error is quite small, what is more important is that748

the stability of the interaction is always guaranteed, even though749

the human applies nonzero forces. The experiment additionally750

validates the passivity of the system, which guarantees stability751

even in nonideal conditions. One can notice that, during Phase752

2, there is an error between the desired horizontal force and the753

actual one. This is because the robot is moving and the damping754

plays against the generation of the desired force. Passivity-based755

methods are known to be very conservative. Practically, this is756

not a problem. If the human is moving toward the good direction,757

there is no need to increase the guiding force. On the other hand,758

if the human stops, the robot will apply the desired force, clearly759

showing the correct direction to the human.760

Phase 3 starts when the human does not feel horizontal forces.761

He/she understands to be arrived at the desired position and so762

releases the handle. After, the robot lands.763

To further validate the proposed system, we tested it with764

a group of four different subjects, performing the experiment765

twice. To evaluate the path-following performance, we define766

the path-following error with respect to the desired path as767

ePH(s) = min
t∈[0,T ]

(
(pH(t)− pd

H(s))�pd
H

⊥
(s)
)

(48)

where pd
H

⊥
(s) ∈ R3 is the normal vector to the path in the point768

pd
H(s), and T ∈ R>0 is the experiment final time. Given a cer-769

tain point of the desired pathpd
H(s), parameterized by s, ePH(s) is770

the distance between pd
H(s) and the human position intersecting771

the normal to the path in pd
H(s). Notice that this definition is a772

geometric error; it does not depend on the velocity of the human,773

neither on his/her trajectory, but just on the geometric path.3 For774

each s ∈ [0, 1], we then define the mean path-following error775

ēPH(s), and the corresponding standard deviation (std) σH(s)776

ēPH(s) =
1

N

N∑
j=1

ePHj(s)

σH(s) =
1

N − 1

N∑
j=1

(
ēPH(s)− ePHj(s)

)2
(49)

where N is the number of performed tests, and the subscript777

	j indicates the jth test. Fig. 6 shows the global performance.778

One can notice that ēPH(s) is always below 5 [cm], while the779

3Other definitions of the distance between paths can be used. We believe that
(48) allows to clearly show the envelope around the desired path in which the
human will probably pass.

Fig. 6. Experimental results of eight tests with four subjects. On the top: the
desired human path, the actual human path for the eight experiments, and the
mean human path showed in the xy plane. On the bottom: the path-following
error ePHj

for every experiment, and the mean path-following error.

maximum standard deviation is below 10 [cm]. This means that, 780

according to the performed experiments, the human will always 781

pass in a tube with diameter 60 [cm] around the desired path. 782

This information could be used at the motion planning level to 783

compute paths that stay sufficiently away from obstacles. We 784

also remark that every subject behaves in a slightly different 785

way (e.g., following the robot with a higher of lower speed, 786

making stops, applying extra forces, etc.). Nevertheless, the 787

system always maintains stability and provides good tracking 788

performance. We remark that these results do not pretend to be 789

statistically significant. The goal is to provide a global evaluation 790

of the proposed method, which further validates its stability and 791

robustness. 792

Notice that the human tends to stay always “outward” the 793

desired curve. This is the effect of the human inertia that the robot 794

controller does not take into account. Furthermore, we noticed 795

that the human might have some difficulties understanding that 796

he/she is arrived, resulting in useless small corrections. These 797

marginal aspects are left to future works. 798

VIII. CONCLUSION 799

In this article, a system composed by a human physically 800

connected to an aerial vehicle was studied for the first time. The 801

human holds a handle that is connected by a cable to an aerial 802

platform. The objective is to make the robot capable of safely 803

guiding the human to a desired position, or along a desired path, 804

by pulling him/her exploiting the tether. 805

We proposed a control strategy that makes the robot compliant 806

to the human interaction and allows to exert forces to the human. 807

These forces were properly designed to drive the human to a 808

desired position. Using Lyapunov theory, we formally proved 809

that the desired human position is asymptotically stable for the 810

considered closed-loop system. Furthermore, we showed that the 811

latter is output-strictly passive, which guarantees stability and 812

robustness of the method even for time-varying inputs, nonzero 813

model errors, and for nonzero extra human forces. An additional 814
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maneuver regulation strategy was designed to allow the robot815

guiding the human along a desired path.816

The overall method was experimentally validated with a group817

of four subjects. The results showed that the system was able818

to keep the path-following error bounded. The robot correctly819

drives the human along the desired path, compensating for820

errors, and guaranteeing the stability.821

From a practical point of view, we foresee the integration822

of onboard sensors for outdoor operations and for the onboard823

detection and avoidance of obstacles.824

From a more scientific point of view, the human model could825

be enhanced to include the main body and arm elements, together826

with the heading. This should be considered in the controller to827

improve the control of the human configuration, i.e., position828

of the main body, heading, and relative position of the arm.829

A more precise hybrid position/force controller (like the one830

in [53]) could be applied, in order to finely control the intensity831

and direction of the force felt by the human, regardless to his/her832

velocity.833

HRI aspects, like the acceptability of the system from the834

human, were not the focus of this work. However they will be835

analyzed in the future through a complete user study. A human-836

aware path planner could be designed to explicitly consider at837

the planning level a path acceptable by the human taking into838

account human-preferences in terms of distance to obstacles and839

dynamics of the motion [54], as well as adaptation to human pace840

[55]. The improvement of the indirect force-based communica-841

tion between human and robot using additional stimulus should842

be investigated as well. Impulsive forces or wearable haptic843

devices could be used to enhance the human-robot interface.844

From one hand the robot should be able to estimate and then react845

to human intentions (e.g., start/stop the mission). From the other846

hand, the human awareness should be augmented providing847

additional information (e.g., distance to obstacles or the desired848

path).849
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