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ABSTRACT

This paper presents an admittance controller
with model reference adaptive control (MRAC)
for a fully actuated multirotor in physical in-
teraction, in which an adaptive input drives the
compliant response toward a reference compli-
ance model. The admittance parameters are up-
dated online through Lyapunov-based adapta-
tion, while an MRAC position controller com-
pensates matched translational uncertainty. Lya-
punov analyses establish bounded tracking and
parameter errors for the individual adaptive sub-
systems under the stated assumptions. Simu-
lations on a fixed-tilt octocopter in single-point
contact with a flexible cantilever beam show
reduced interaction-axis tracking error and os-
cillations, increased beam-tip deformation, and
greater robustness to parametric uncertainty than
fixed admittance, with peak forces below the
contact force limit.

1 INTRODUCTION

Aerial robots are increasingly employed in tasks requir-
ing controlled physical interaction, including nondestructive
inspection, infrastructure maintenance, and collaborative ma-
nipulation with humans [1, 2, 3]. Unlike fixed-base manipu-
lators, unmanned aerial vehicles (UAVs) must regulate flight
dynamics and contact forces simultaneously, which couples
compliance, tracking accuracy, and contact safety. This cre-
ates a trade-off between compliance and precision: high com-
pliance improves interaction safety but degrades free-flight
tracking, whereas high stiffness improves positioning but can
produce large impact forces and contact instability [4]. This
trade-off motivates a control architecture that adapts compli-
ant interaction and position tracking together under contact
and model uncertainty.

Adaptive admittance control strategies have been devel-
oped for UAV physical interaction. Hamaza et al. [5] im-
plemented an adaptive compliance mechanism on a quadro-
tor with a compliant arm by tuning torsional spring gains
online to shape the force–position behavior during contact.
For sustained contact in aerial manipulation, Marković et al.
[6] used adaptive stiffness estimation within an impedance
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controller to regulate interaction with unknown environment
stiffness. These approaches improve robustness to payload
changes, unmodeled contact dynamics, and external distur-
bances, but adapt only the interaction layer. Simultaneous
adaptation with motion tracking remains largely unexplored.

MRAC has addressed model uncertainty and external dis-
turbances in UAV-manipulator systems. Orsag et al. used
Lyapunov-based MRAC on a two-arm aerial manipulator to
compensate center-of-mass and inertia variations, with a hy-
brid gain-scheduled extension [7, 8]. Sumathy and Ghose
combined feedback linearization with MRAC to estimate un-
certain parameters for a quadcopter with a 3-DoF arm [9]. Ali
and Li developed an LQR-MRAC framework for a quadro-
tor with a 2-DoF gripper under payload-induced uncertainty
[10]. Other studies address varying payloads and online esti-
mation of mass, thrust, inertia, and center-of-gravity changes
[11, 12]. These studies show reference-model adaptation
compensates for payload changes, inertia shifts, and reaction
forces, but does not adapt compliant behavior, such as force
regulation, in coordination with trajectory tracking.

Aerial physical interaction requires simultaneous adapta-
tion of compliant contact behavior and motion tracking under
uncertainty. Prior works either employ an outer-loop MRAC
with inner-loop controllers or use impedance or admittance
control to shape interaction dynamics without MRAC po-
sition tracking, including adaptive stiffness and impedance
control [6], interaction force and predictive admittance con-
trol on fully actuated platforms [1], port-Hamiltonian wrench
and impedance regulation [13], and coordinated frameworks
for compliant aerial manipulation [3]. Existing work does
not combine MRAC-based input augmentation inside the ad-
mittance loop, Lyapunov-based admittance-parameter adap-
tation, and an MRAC position controller for adaptive aerial
physical interaction. The proposed framework addresses this
gap by adapting the contact response in the admittance layer
and compensating matched translational uncertainty in the
position loop. An MRAC term drives the admittance response
toward a reference compliance model, while Lyapunov-based
updates adapt the admittance parameters under contact and
modeling variations.

Simulations evaluate the method on a fixed-tilt octocopter
in contact with a flexible cantilever beam. A fixed-admittance
baseline isolates the effect of online adaptation, while lateral
and vertical contact-arm axes are considered to assess post-
contact interaction-axis tracking error and oscillations under
beam-model parametric uncertainty.
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2 SYSTEM MODEL

The fixed-tilt octocopter (FT-X8) has eight rotors ar-
ranged in four fixed-tilt coaxial pairs [14], as shown in Fig. 1.
This layout enables direct thrust along x̂b and ŷb without at-
titude changes and supports independent force and moment
control. Contact is made through a body-mounted rigid con-
tact arm whose axis is fixed in Fb. The inertial frame Fn
uses North-East-Down axes, and Fb is fixed at the center of
mass with ẑb downward. Counter-rotating coaxial pairs can-
cel hover reaction torque, while differential thrust generates
body-frame forces and moments. The attitude is parameter-
ized by ZYX Euler angles η = [ϕ, θ, ψ]⊤, where Rn

b maps
Fb to Fn and Rb

n := (Rn
b )

⊤. The body angular velocity
ωb = [p, q, r]⊤ satisfies η̇ = T−1(ϕ, θ)ωb [12].

The translational dynamics in Fb are given by

m
(
v̇b + ωb × vb

)
= mgRb

nẑn −Ct vb + fb + fe,b, (1)

where m > 0 is the mass, vb := [ vx,b vy,b vz,b ]
⊤ is the

body-frame linear velocity, g > 0 is the gravitational ac-
celeration, ẑn := [ 0 0 1 ]⊤ is the inertial z-axis unit vec-
tor, Ct := diag(Ctx, Cty, Ctz) is the translational drag ma-
trix, fb := [ fx,b fy,b fz,b ]

⊤ is the total rotor thrust force,
and fe,b ∈ R3 is the external contact force. Let pn :=
[xn yn zn ]

⊤ denote the position in Fn. Differentiating
ṗn = Rn

b vb and using (1) gives the inertial acceleration

p̈n = g ẑn + 1
m Rn

b

(
fb −Ct vb + fe,b

)
. (2)

The rotational dynamics in Fb are given by

J ω̇b + ωb × (Jωb) = −Cr ωb +mb + τ e,b. (3)

where J := diag(Jx, Jy, Jz) is the body inertia matrix,
Cr := diag(cp, cq, cr) is the rotational damping matrix,
mb := [mx,b my,b mz,b]

⊤ is the rotor moment input, and
τ e,b := [τe,x,b τe,y,b τe,z,b]

⊤ is the external contact moment.
For rotor i ∈ {1, . . . , 8}, let Fi be its local frame, ẑi

its thrust axis, Ri
b the rotation from Fi to Fb, and pi :=

Figure 1: FT-X8 rotor layout with inertial and body frames.

[xi yi zi]
⊤ its position in Fb. The total body wrench gen-

erated by the rotor thrusts and reaction torques is

wb :=

[
fb

mb

]
=

8∑

i=1

[
Ri
b

(
fi ẑi

)

Ri
b

(
mi ẑi

)
+ pi ×Ri

b

(
fi ẑi

)
]
. (4)

The dynamics use wb+we,b, where we,b := [ f⊤e,b τ
⊤
e,b ]

⊤,
with fe,b and τ e,b entering (1) and (3), respectively. Each
rotor follows fi = kfω

2
i and mi = kmω

2
i for i ∈ {1, . . . , 8},

where ωi is the rotor speed, and kf > 0 and km > 0 are the
thrust and drag torque coefficients. Coaxial rotor-wash effects
are modeled approximately by assigning the lower rotors in
each coaxial pair an effectiveness factor of 0.8. Collecting the
FT-X8 rotor thrusts as fr := [f1 · · · f8]⊤ ∈ R8 with fixed
tilt angle β, (4) becomes wb = Λfr, where Λ ∈ R6×8 is

Λ =




−sβ −sβ sβ sβ 0 0 0 0
0 0 0 0 sβ −sβ −sβ sβ
−cβ −cβ −cβ −cβ −cβ −cβ −cβ −cβ
−σ2 σ2 σ2 −σ2 σ1 −σ1 −σ1 σ1
σ1 σ1 −σ1 −σ1 σ2 σ2 −σ2 −σ2
σ3 −σ3 σ3 −σ3 σ3 −σ3 σ3 −σ3



,

where cβ = cosβ, sβ = sinβ, σ1 =
√
2
4 D cosβ, σ2 =

σ1 − km
kf

sinβ, and σ3 = km
kf

cosβ +
√
2
4 D sinβ. Since

rank(Λ) = 6 for β ∈ (0, π2 ), the platform is fully actuated at
the body-wrench level. Although the FT-X8 is overactuated,
the controller design does not rely on rotor redundancy.

Let ub,cmd := [ f⊤b,cmd m⊤
b,cmd ]

⊤ ∈ R6 denote the com-
manded body wrench and fr,cmd := [ fcmd,1 · · · fcmd,8 ]

⊤ ∈
R8 the commanded rotor thrust vector. The allocator maps
ub,cmd to feasible rotor thrusts using Λ and sets ωi,cmd =√
fcmd,i/kf . Motor dynamics are modeled as τ ω̇i =

ωi,cmd − ωi, where τ > 0 is the motor time constant.

3 CONTROL ARCHITECTURE

The control architecture in Fig. 2 maps the
reference position and yaw command rq(t) :=
[ rx,n(t) ry,n(t) rz,n(t) rψ(t) ]

⊤ and the external wrench es-
timate ŵe,n(t) := [ f̂x,n(t) f̂y,n(t) f̂z,n(t) m̂ψ(t) ]

⊤ to com-
pliant setpoints qsp(t) := [xsp(t) ysp(t) zsp(t) ψsp(t) ]

⊤.
The adaptive admittance layer regulates compliant in-
teraction using an MRAC input and online parame-
ter updates, while the MRAC position controller uses
the translational components of qsp(t) to generate
acmd(t) := [ ax,n(t) ay,n(t) az,n(t) ]

⊤ and compensate
matched translational uncertainty. The inner flight controller
and control allocation drive the plant to track acmd(t) using
cascaded attitude and rate PID loops [15].

3.1 Fixed Admittance Controller
The fixed admittance (FA) controller imposes a linear

mass–spring–damper relation between wrench and compliant
setpoint for q ∈ {xn, yn, zn, ψ}. Let rq,n, qsp,n, and f̂q,n
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Figure 2: MRAC-based control architecture for aerial physical interaction.

denote the reference, compliant setpoint, and wrench compo-
nent, and define ecq(t) := qsp,n(t)−rq,n(t). An observer [16]
provides ŵe,n(t) ∈ R4 from measured (pn,vb,ωb,η), while
the plant is driven by the contact wrench we,b(t). The com-
pliant setpoint follows a second-order admittance law [2].

Mq

(
q̈sp,n(t)− r̈q,n(t)

)
+ Cq

(
q̇sp,n(t)− ṙq,n(t)

)

+Kq

(
qsp,n(t)− rq,n(t)

)
= f̂q,n(t).

(5)

with Mq ∈ R>0, Cq ∈ R>0, and Kq ∈ R>0. Equation (5)
defines four decoupled second-order admittance filters on xn,
yn, zn, and ψ. Roll and pitch are stabilized by the inner loop
and excluded from the admittance law.

3.2 MRAC-Based Adaptive Admittance Control
The FA law in (5) is sensitive to contact uncertainty,

wrench estimation errors, unmodeled couplings, and fixed
admittance parameters, which can cause residual offsets in
qsp,n − rq,n. The proposed MRAC-based admittance uses
uq(t) to drive qsp,n toward a reference model, while online
parameter updates adapt the compliance dynamics. Introduc-
ing uq(t) gives the channel-q admittance dynamics

Mq ë
c
q(t) + Cq ė

c
q(t) +Kqe

c
q(t) = f̂q,n(t) + uq(t). (6)

Let xq(t) := [ qsp,n(t) q̇sp,n(t) ]
⊤. Equation (6) becomes

ẋq(t) = Aq xq(t) +Bq

(
uq(t) + νq(t) + dq

)
,

Aq :=

[
0 1

−Kq

Mq
− Cq

Mq

]
, Bq :=

[
0
1
Mq

]
,

where dq ∈ R is an unknown constant matched disturbance
representing wrench-estimation bias and unmodeled contact
terms, and

νq(t) := f̂q,n(t) +Mq r̈q,n(t) + Cq ṙq,n(t) +Kqrq,n(t)

is a known matched term. The desired reference model is

ẋref,q(t) = Aref,q xref,q(t) +Bref,q rq,n(t),

with xref,q(t) := [ qref,q(t) q̇ref,q(t) ]
⊤ and

Aref,q :=

[
0 1

−ω2
n,q −2ζqωn,q

]
, Bref,q :=

[
0

ω2
n,q

]
,

where ζq > 0 and ωn,q > 0, with settling time Tset,q ≈
4/(ζqωn,q). Define the admittance MRAC tracking error

emq (t) := xq(t)− xref,q(t) =

[
qsp,n(t)− qref,q(t)
q̇sp,n(t)− q̇ref,q(t)

]
.

The adaptive input is chosen in the direct MRAC form [17],

uq(t) = K̂q1(t) qsp,n(t) + K̂q2(t) q̇sp,n(t)

+ K̂qr(t) rq,n(t)− νq(t)− K̂qd(t),

where K̂q1(t), K̂q2(t), K̂qr(t), and K̂qd(t) are adaptive es-
timates. The term −νq(t) cancels the known matched term,
and K̂qd(t) compensates dq . Assume ideal matching con-
stants K⋆

q1,K
⋆
q2,K

⋆
qr,K

⋆
qd exist such that

Aq +Bq

[
K⋆
q1 K⋆

q2

]
= Aref,q,

BqK
⋆
qr = Bref,q,

K⋆
qd = dq.

Define the parameter errors

K̃qi(t) := K̂qi(t)−K⋆
qi, i ∈ {1, 2, r, d}.

Then the admittance MRAC error dynamics become

ėmq (t) = Aref,qe
m
q (t) +Bq

(
K̃q1(t)qsp,n(t)

+ K̃q2(t)q̇sp,n(t) + K̃qr(t)rq,n(t)− K̃qd(t)
)
.

(7)
Let Pq = P⊤

q ≻ 0 solve

PqAref,q +A⊤
ref,qPq = −Qq, Qq = Q⊤

q ≻ 0,

and define σq(t) := em⊤
q (t)PqBq . The adaptive laws are

˙̂
Kq1(t) = −Γq1 qsp,n(t)σq(t),

˙̂
Kq2(t) = −Γq2 q̇sp,n(t)σq(t),

˙̂
Kqr(t) = −Γqr rq,n(t)σq(t),

˙̂
Kqd(t) = Γqd σq(t),

with Γq1,Γq2,Γqr,Γqd ∈ R>0. For the Lyapunov function

V m
q (t) = em⊤

q (t)Pqe
m
q (t) +

K̃2
q1(t)

Γq1
+
K̃2
q2(t)

Γq2

+
K̃2
qr(t)

Γqr
+
K̃2
qd(t)

Γqd
,
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using (7) and the adaptive laws gives the derivative V̇ m
q (t) =

−em⊤
q (t)Qqe

m
q (t) ≤ 0. Thus, emq (t) and the parameter errors

are bounded. Under standard MRAC conditions, emq (t)→ 0.
The parameters (Mq, Cq,Kq) are updated online. Define

â1,q(t) :=
Ĉq(t)

M̂q(t)
, â0,q(t) :=

K̂q(t)

M̂q(t)
, b̂q(t) :=

1

M̂q(t)
.

Substituting into the admittance error dynamics (5) gives

ëcq(t) = −â1,q(t)ėcq(t)− â0,q(t)ecq(t) + b̂q(t)f̂q,n(t). (8)

Let xc
q(t) := [ ecq(t) ėcq(t) ]

⊤ and define

Âc
q(t) :=

[
0 1

−â0,q(t) −â1,q(t)

]
, Bc :=

[
0

1

]
.

Then the compliance error dynamics (8) becomes

ẋc
q(t) = Âc

q(t)x
c
q(t) +Bc b̂q(t)f̂q,n(t).

The ideal compliance model is specified by a⋆0,q = ω2
n,q ,

a⋆1,q = 2ζqωn,q , and b⋆q > 0, with

Ac⋆
q :=

[
0 1

−a⋆0,q −a⋆1,q

]
.

Let xm,q(t) be the state of the corresponding reference model

ẋm,q(t) = Ac⋆
q xm,q(t) +Bc b

⋆
q f̂q,n(t),

and define the compliance-model tracking error ecmq (t) :=
xc
q(t)− xm,q(t). The error dynamics are given by

ėcmq (t) = Ac⋆
q ecmq (t)+Bc

(
−ã1,q ėcq(t)−ã0,qecq(t)+b̃q f̂q,n(t)

)
,

with ã1,q(t) := â1,q(t)− a⋆1,q , ã0,q(t) := â0,q(t)− a⋆0,q , and
b̃q(t) := b̂q(t)− b⋆q . Let Pc

q = Pc⊤
q ≻ 0 solve

Ac⋆⊤
q Pc

q +Pc
qA

c⋆
q = −Qc

q, Qc
q = Qc⊤

q ≻ 0,

and define σc
q(t) := ecm⊤

q (t)Pc
qBc. For Γa1,q,Γa0,q,Γb,q ∈

R>0, consider the Lyapunov function

V c
q = ecm⊤

q (t)Pc
qe

cm
q (t) +

ã21,q
Γa1,q

+
ã20,q
Γa0,q

+
b̃2q
Γb,q

.

Choosing
˙̂a1,q(t) = Γa1,q ė

c
q(t)σ

c
q(t),

˙̂a0,q(t) = Γa0,q e
c
q(t)σ

c
q(t),

˙̂
bq(t) = −Γb,q f̂q,n(t)σc

q(t),

yields the derivative V̇ c
q (t) = −ecm⊤

q (t)Qc
qe

cm
q (t) ≤ 0, so

ecmq (t), ã1,q , ã0,q , and b̃q are bounded and ecmq (t) → 0 as
t→∞. The adaptive admittance parameters are then

M̂q(t) =
1

b̂q(t)
, Ĉq(t) =

â1,q(t)

b̂q(t)
, K̂q(t) =

â0,q(t)

b̂q(t)
.

The adaptive admittance for each channel is therefore

M̂q(t) ë
c
q(t) + Ĉq(t) ė

c
q(t) + K̂q(t) e

c
q(t) = f̂q,n(t) + uq(t),

where uq(t) drives qsp,n(t) toward the reference model, and
(M̂q, Ĉq, K̂q) define the adaptive admittance dynamics.

3.3 MRAC-Based Position Control
The MRAC position controller tracks the translational

components of qsp(t) by commanding inertial accelera-
tions on q ∈ {xn, yn, zn}. From (2), with xq(t) :=
[ qn(t) q̇n(t) ]

⊤ and upq (t) := an,q,cmd(t), the matched-
uncertainty model is

ẋq(t) = Axq(t) +B
(
upq (t) +Θ⊤

q Φq(t) + dq
)
,

with

A :=

[
0 1

0 0

]
, B :=

[
0

1

]
,

where dq ∈ R is an unknown constant matched disturbance,
Θq ∈ Rpq is an unknown parameter vector, and Φq(t) ∈ Rpq
is a known regressor. The pair (Θq, dq) represents unmod-
eled acceleration terms. From (2), define ρ⊤

q (t) := i⊤q R
n
b (t),

where iq is the unit vector along q ∈ {xn, yn, zn}. Then

Φq(t) :=



ρq1(t)fx,b(t)
ρq2(t)fy,b(t)
ρq3(t)fz,b(t)


 , pq = 3.

Choose a second-order reference model,

ẋp
ref,q(t) = Ap

ref,q x
p
ref,q(t) +Bp

ref,q qsp,n(t),

where xp
ref,q(t) := [ qpref,q(t) q̇pref,q(t) ]

⊤, and

Ap
ref,q :=

[
0 1

−ω2
p,q −2ζp,qωp,q

]
, Bp

ref,q :=

[
0

ω2
p,q

]
.

The parameters ωp,q > 0 and ζp,q > 0 tune the desired posi-
tion transient. The position MRAC tracking error is

epq (t) := xq(t)− xp
ref,q(t) =

[
qn(t)− qpref,q(t)
q̇n(t)− q̇pref,q(t)

]
.

The position control law on axis q is chosen as

upq (t) = K̂⊤
x,q(t)xq(t) + K̂r,q(t) qsp,n(t)

− Θ̂
⊤
q (t)Φq(t)− K̂d,q(t),

with adaptive parameters K̂x,q(t) ∈ R2, K̂r,q(t) ∈ R,
Θ̂q(t) ∈ Rpq , and K̂d,q(t) ∈ R. Assume ideal constants
K⋆
x,q ∈ R2, K⋆

r,q ∈ R, Θ⋆
q ∈ Rpq , and K⋆

d,q ∈ R such that

A+BK⋆⊤
x,q = Ap

ref,q, BK⋆
r,q = Bp

ref,q,

K⋆
d,q = dq, Θ⋆

q = Θq.
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Define the position MRAC parameter errors

K̃x,q(t) := K̂x,q(t)−K⋆
x,q, K̃r,q(t) := K̂r,q(t)−K⋆

r,q,

Θ̃q(t) := Θ̂q(t)−Θ⋆
q , K̃d,q(t) := K̂d,q(t)−K⋆

d,q.

Then the error dynamics for the position controller are

ėpq (t) = Ap
ref,q e

p
q (t) +B

(
K̃⊤
x,q(t)xq(t) + K̃r,q(t) qsp,n(t)

− Θ̃
⊤
q (t)Φq(t)− K̃d,q(t)

)
.

Let Pp
q = Pp⊤

q ≻ 0 solve

Pp
qA

p
ref,q +Ap⊤

ref,qP
p
q = −Qp

q , Qp
q = Qp⊤

q ≻ 0.

Define σp
q (t) := ep⊤q (t)Pp

qB. Use the Lyapunov function

V p
q (t) = ep⊤q (t)Pp

q e
p
q (t) + K̃⊤

x,q(t)Γ
−1
x,q K̃x,q(t)

+
K̃2
r,q(t)

Γr,q
+ Θ̃

⊤
q (t)Γ

−1
Θ,q Θ̃q(t) +

K̃2
d,q(t)

Γd,q
,

with Γx,q,ΓΘ,q ≻ 0 and Γr,q,Γd,q > 0. Choosing

˙̂
Kx,q(t) = −Γx,q xq(t)σp

q (t),

˙̂
Kr,q(t) = −Γr,q qsp,n(t)σp

q (t),

˙̂
Θq(t) = ΓΘ,qΦq(t)σ

p
q (t),

˙̂
Kd,q(t) = Γd,q σ

p
q (t),

yields the derivative V̇ p
q (t) = −ep⊤q (t)Qp

qe
p
q (t) ≤ 0. There-

fore, epq (t) and the parameter errors are bounded. Under stan-
dard MRAC conditions, epq (t) → 0, provided the inner loop
and allocation track within actuator limits.

4 RESULTS

The setup uses a body-mounted rigid contact arm whose
tip contacts the free tip of a wall-mounted cantilever beam, as
shown in Fig. 3. The beam acts as a compliant environment
and generates an external wrench through the arm-tip reaction
force. The beam centerline is aligned with x̂n := [ 1 0 0 ]⊤

and has length LB. The UAV starts at pn(0) = [0 0 0]⊤ and
tracks the undeformed beam-tip reference pT0,n := [1 1 −
1]⊤ over Tarr = 10 s. The beam base is fixed at p0,n :=
pT0,n − LB x̂n. This setup evaluates free-flight and contact
operation without controller switching.

Let âb ∈ R3 be the unit contact-arm axis fixed in Fb,
s(t) ∈ [0, smax] the prescribed tip offset along this axis, and
ra,b ∈ R3 the arm base. The arm-tip position and velocity are

rc,b(t) = ra,b + s(t) âb, ṙc,b(t) = ṡ(t) âb.

The contact position and velocity in Fn are

pc,n(t) = pn(t) +Rn
b (t) rc,b(t),

vc,n(t) = ṗn(t) +Rn
b (t)

(
ωb(t)× rc,b(t) + ṙc,b(t)

)
.
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Figure 3: yb-axis contact arm approaching a cantilever beam.

The beam-tip deformation in Fn is described by ξ(t) ∈ R3,

pT,n(t) = pT0,n + ξ(t), vT,n(t) = ξ̇(t).

The tip compliance is modeled by decoupled mass–spring–
damper dynamics along the three inertial-frame axes:

MB ξ̈(t) +CB ξ̇(t) +KB ξ(t) = fT,n(t),

where MB,CB,KB ∈ R3×3 are mass, damping, and stiff-
ness with MB ≻ 0, CB ⪰ 0, and KB ⪰ 0, and fT,n(t) ∈ R3

is the tip force in Fn. Define the relative displacement and
velocity between the arm tip and beam tip as

dp(t) := pc,n(t)−pT,n(t), dv(t) := vc,n(t)−vT,n(t).

Let ân(t) := Rn
b (t)âb denote the contact-arm axis in Fn.

Define the scalar contact penetration and penetration rate as

δ(t) := max{0, ân(t)⊤dp(t)}, δ̇(t) := I{δ(t)>0} ân(t)
⊤dv(t).

Here I{δ(t)>0} = 1 in contact and 0 otherwise. With contact
stiffness kc > 0 and damping bc ≥ 0, the contact force is

fT,n(t) := max{0, kc δ(t) + bc δ̇(t)} ân(t). (9)

The external wrench on the vehicle in Fb is

we,b(t) :=

[
−Rb

n(t) fT,n(t)
rc,b(t)×

(
−Rb

n(t) fT,n(t)
)
]
.

The prescribed tip offset s(t) ramps to s⋆, holds for Thold,
and ramps down symmetrically. The initial ramp is

s(t) =
s⋆
2

(
1− cos

(
π
t− T1
Tramp

))
, t ∈ [T1, T1 + Tramp].

In all simulations, 0 ≤ s(t) ≤ 0.02 m, s⋆ = 0.02 m, T1 = 10
s, Tramp = 3 s, and Thold = 20 s. The contact wrench is
applied only for t ≥ T1, with we,b(t) = 0 for t < T1. Let
Tc := [t−c , t

+
c ] denote the contact interval, with t−c ≥ T1

and |Tc| := t+c − t−c . Two interaction cases are considered:
yb-axis and zb-axis interaction with parametric uncertainty.
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Simulations are performed in MATLAB R2024b with
Simscape Multibody using the vehicle parameters in Table 1
and a single controller parameter set across all cases with
Ts = 1 ms. For each q ∈ {xn, yn, zn, ψ}, the admit-
tance is second order with Mq = 1, ζq = 1, T c

set,q = 2 s,
ωn,q = 4/(ζqT

c
set,q), Kq = Mqω

2
n,q , and Cq = 2ζqMqωn,q .

The admittance reference model uses Tset,q = 1.5T c
set,q and

ζq = 1, with Γq1 = Γq2 = Γqr = Γqd = 50 and the adap-
tive admittance parameters initialized at the fixed-admittance
values. The position MRAC reference model is critically
damped with T p

set = 1 s. The contact force limit Fmax,c is
set to 60% of the available thrust margin above hover and
is enforced by saturating the penetration at δmax so that (9)
does not exceed Fmax,c. All beam and contact parameters are
listed in Table 2.

Table 1: Vehicle and rotor model parameters.

Parameter Value
Vehicle mass (m) 0.95 kg

Thrust coefficient (kf ) 1.21× 10−6 Ns2/rad2

Reaction torque coefficient (km) 1.04×10−8 Nms2/rad2

Motor time constant (τ ) 0.15 s

Min rotor speed (ωmin) 350 rad/s

Max rotor speed (ωmax) 1774 rad/s

Rotor tilt angle (β) 31◦

Arm length (l) 88.5 mm

Top rotor vertical offset (ht) 35 mm

Bottom rotor vertical offset (hb) 20 mm

Table 2: Beam and contact parameters.

Parameter Value
Beam length (LB) 1 m

Tip mass (MB) diag(0.10, 0.02, 0.02) kg

Tip damping (CB) diag(204.74, 0.25, 0.25) N s/m

Tip stiffness (KB) diag(2.6×106, 10.78, 10.78) N/m

Contact force limit (Fmax,c) 12 N

Penetration limit (δmax) 0.02 m

Contact stiffness (kc) 600 N/m

Contact damping (bc) 2.41 N s/m

4.1 yb-axis interaction with parametric uncertainty
For the yb case, âb = [ 0 1 0 ]⊤ and ân(t) = Rn

b (t)âb,
as shown in Fig. 3. The UAV reaches pT0,n by Tarr, after
which we,b(t) is applied. Results compare FA with constant
parameters against adaptive admittance (AA) with online up-
dates and MRAC augmentation. Fig. 4 shows AA position
tracking over the full task, while FA–AA differences are eval-
uated in the contact-response plots. Fig. 5 compares â⊤npn
and â⊤nqsp,n. AA has smaller post-contact tracking error and
reduced oscillations, indicating better interaction-axis track-

ing. Figs. 6 and 7 show greater beam-tip deformation during
the prescribed arm motion, while the contact force remains
below Fmax,c.
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Figure 4: yb-axis case: position components in Fn.
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Figure 5: yb-axis case: interaction-axis position and setpoint.
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Figure 6: yb-axis case: beam-tip deformation components.

For robustness, the beam matrices are scaled as MB ←
αMB, CB ← αCB, and KB ← αKB, with α ∈
{0.25, 1.00, 1.25}. Over Tc = [t−c , t

+
c ], define ea(t) :=

ân(t)
⊤(pn(t) − qsp,n(t)

)
and MAEa := 1

|Tc|
∫ t+c
t−c
|ea(t)| dt.

The force metrics are Fâ,max := maxt∈Tc

∣∣ân(t)⊤fT,n(t)
∣∣

and Fâ,MA := 1
|Tc|

∫ t+c
t−c

∣∣ân(t)⊤fT,n(t)
∣∣ dt, and the defor-

mation metric is ξmax := maxt∈Tc

∣∣ân(t)⊤ξ(t)
∣∣. Table 3

shows that AA reduces MAEa and increases ξmax for all α.
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Figure 7: yb-axis case: interaction-axis contact force.

Table 3: yb-axis case: robustness under parameter scaling.

α Metric FA AA
0.25 MAEa (m) 6.46× 10−4 5.51× 10−4

Fâ,max (N) 0.0718 0.0810

Fâ,MA (N) 0.0267 0.0467

ξmax (m) 1.78× 10−2 2.01× 10−2

1.00 MAEa (m) 1.50× 10−3 9.66× 10−4

Fâ,max (N) 0.205 0.317

Fâ,MA (N) 0.0449 0.183

ξmax (m) 1.27× 10−2 1.96× 10−2

1.25 MAEa (m) 1.82× 10−3 1.13× 10−3

Fâ,max (N) 0.237 0.394

Fâ,MA (N) 0.0486 0.227

ξmax (m) 1.17× 10−2 1.95× 10−2

Greater deformation accompanies higher mean and peak con-
tact forces, with Fâ,max ≤ 0.394 N≪ Fmax,c = 12 N.

4.2 zb-axis interaction with parametric uncertainty
For the zb case, âb = [ 0 0 1 ]⊤, as shown in Fig. 8;

FA and AA use the same contact profile. The AA full-task
position response remains bounded and reaches the target, as
in the yb case. Figs. 9–11 show that AA reduces post-contact
offset and oscillations and produces greater beam-tip defor-
mation than FA under the same contact profile. The robust-
ness study uses the same beam-parameter scaling as in Sec-
tion 4.1, with α ∈ {0.75, 1.00, 1.25}. Table 4 shows that
AA reduces MAEa and increases ξmax for all α. Greater de-
formation accompanies higher mean and peak contact forces,
with Fâ,max ≤ 0.397 N≪ Fmax,c = 12 N.

5 CONCLUSION

This paper presented an MRAC-based admittance archi-
tecture for aerial physical interaction. The admittance uses
an MRAC input and Lyapunov-based parameter updates to
follow a reference compliance model, while the MRAC po-
sition controller compensates matched translational uncer-
tainty. The subsystem analyses establish bounded tracking
and parameter errors under the stated assumptions. Simula-
tions show reduced interaction-axis tracking error and greater
beam-tip deformation relative to FA without exceeding the
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Figure 8: zb-axis contact arm approaching a cantilever beam.
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Figure 10: zb-axis case: beam-tip deformation components.
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Figure 11: zb-axis case: interaction-axis contact force.
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Table 4: zb-axis case: robustness under parameter scaling.

α Metric FA AA
0.75 MAEa (m) 1.26× 10−3 1.25× 10−4

Fâ,max (N) 0.152 0.242

Fâ,MA (N) 0.0596 0.142

ξmax (m) 1.25× 10−2 1.99× 10−2

1.00 MAEa (m) 1.71× 10−3 1.34× 10−4

Fâ,max (N) 0.184 0.322

Fâ,MA (N) 0.0654 0.189

ξmax (m) 1.13× 10−2 1.97× 10−2

1.25 MAEa (m) 2.29× 10−3 1.43× 10−4

Fâ,max (N) 0.210 0.397

Fâ,MA (N) 0.0697 0.233

ξmax (m) 1.04× 10−2 1.96× 10−2

contact force limit. Future work will extend the Lyapunov
analysis to the coupled adaptive loops and validate the pro-
posed architecture on the FT-X8 hardware.
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