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ABSTRACT

This paper presents variable admittance control
for elastic obstacle separation using a fully actu-
ated fixed-tilt octorotor aerial manipulator. The
vehicle carries a single-actuator spreading mech-
anism that applies opposing contact forces to
separate elastic obstacles while limiting the re-
sultant interaction force on the vehicle. The con-
troller modifies the reference motion using the
estimated translational force and yaw moment,
while the wrench estimator uses online recur-
sive least-squares (RLS) correction to compen-
sate for unmodeled aerodynamic effects. The ad-
mittance parameters vary channel-wise as func-
tions of the estimated wrench component, ob-
stacle distance, and actuator saturation, produc-
ing stiff free-flight tracking and compliant con-
tact response without mode switching. An ex-
periment demonstrates bounded vehicle motion
during sustained separation of two elastic bars.

1 INTRODUCTION

Aerial manipulation enables unmanned aerial vehicles
(UAVs) to perform tasks requiring physical interaction with
the environment. Contact inspection, repair, human-UAV in-
teraction, and plant sampling require the vehicle to regulate
interaction forces while maintaining stable flight [1, 2, 3, 4].
In agricultural and ecological applications, the target region
may be obstructed by branches, twigs, or other elastic obsta-
cles [5, 6]. The vehicle may need to displace these obstacles
before inspection or sampling, requiring force regulation and
sufficient actuation authority.

Fully actuated multirotors are suitable for aerial physical
interaction because they reduce the coupling between transla-
tional force generation and attitude regulation. Rashad et al.
[7] reviewed fully actuated multirotor concepts, while Ryll et
al. [8] and Bodie et al. [9] demonstrated interaction control on
platforms capable of regulating interaction forces. Existing
designs use active rotor tilting, thrust-vectoring mechanisms,
or fixed-tilt rotor layouts [10, 11, 7]. Active rotor-tilting and
thrust-vectoring designs increase body-wrench authority, but
require additional actuators and more complex control allo-
cation. Fixed-tilt platforms provide a simpler alternative by
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Figure 1: Contact experiment between the smaller fixed-tilt
multirotor and a vertical flexible rod [13].

using canted rotors to generate horizontal thrust components
without requiring large roll or pitch angles [12, 13]. A prior
flexible-rod contact experiment with the smaller fixed-tilt
platform is shown in Fig. 1. However, this simpler config-
uration comes at the cost of reduced endurance. When con-
tact loads are transmitted through the vehicle, the achievable
contact force is bounded by the available horizontal thrust.
Elastic obstacle separation, such as separating flexible tree
branches, can require large local contact forces while lim-
iting the resultant force transmitted to the UAV. This moti-
vates a spreading mechanism that generates the separation
load through opposing contact forces, reducing the horizontal
thrust required from the UAV.

The mechanism increases local contact-force capability,
but interaction control remains necessary. Admittance con-
trol addresses this problem by mapping the estimated external
wrench to reference motion through virtual inertia, damping,
and stiffness [4, 14, 15]. In free flight, high virtual stiffness
improves reference tracking and disturbance rejection. Dur-
ing contact, excessive virtual stiffness can increase interac-
tion forces and destabilize the coupled vehicle—environment
response, while excessive compliance can degrade position-
ing accuracy. A fixed-admittance controller uses constant vir-
tual parameters in free flight and contact, requiring a compro-
mise between tracking and compliance. Variable admittance
instead updates the virtual inertia, damping, and stiffness on-
line, producing stiff free-flight behavior and compliant con-
tact response without mode switching [9, 16, 17].

This paper contributes a task-specific system that in-
tegrates variable-admittance control and wrench estimation
with an opposing-force spreading mechanism for elastic ob-
stacle separation. The single-actuator mechanism generates
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(b) Rotor geometry.

Figure 2: FT-X8 geometry: (a) spreading direction §;, = ¥ and (b) cg = cos 3, sg = sin 3.

opposing local contact forces, while four channel-wise ad-
mittance filters vary their virtual inertia and stiffness accord-
ing to the corresponding estimated wrench component, obsta-
cle distance, and actuator saturation. Online recursive least-
squares (RLS) estimation corrects the applied rotor-wrench
and gravity-induced moment terms used by the wrench esti-
mator, and the resulting external-wrench estimate drives the
translational and yaw admittance channels. The resulting sys-
tem operates continuously between free flight and contact
without explicit mode switching and is evaluated during sus-
tained bilateral spreading.

2 SYSTEM OVERVIEW

The aerial manipulator is a fully actuated fixed-tilt octoro-
tor, denoted FT-X8. The FT-X8 extends the compact fixed-tilt
platform used for flexible-cantilever interaction in [12, 13] by
incorporating an opposing-force spreading mechanism. Its
eight rotors are arranged in four coaxial pairs with a common
cant angle 3, as shown in Fig. 2. This layout generates body-
frame horizontal thrust components and enables lateral trans-
lation while maintaining a near-level attitude. The rotor-to-
rotor diameter D is approximately 37% larger than that of the
platform in [13]. The rotors regulate vehicle motion, while
the spreading mechanism supplies the local contact forces re-
quired for elastic obstacle separation.

Let F,, denote the inertial frame and F; the body-fixed
frame attached to the vehicle center of mass. The inertial
frame follows the North-East-Down (NED) convention, with
Z, = [0 0 1]7 pointing downward. The body-frame unit
vectors Xp, ¥p, and 2z, are shown in Fig. 2. The vehicle po-
sition and attitude are p,,(t) = [z,(t) wyn(t) 2zn(t)]"
and n(t) = [#(t) 6(t) (t)]T, where i follows the
ZYX Euler convention. The rotation matrix R} (t) € SO(3)
maps vectors from F, to F,, with R (t) = (RP(¢))7.
The body-frame linear and angular velocities are vy (t) :=
[ves(t) vya(t) vap(t)]T andwy(t) = [p(t) q(t) r()]"

SEPTEMBER 21-25, 2026, STRASBOURG, FRANCE

The external wrench is w5 (t) := [, (t) 7[,(t)]".

The rigid-body dynamics and fixed-tilt rotor model fol-
low [12, 13]. Letm > 0, g > 0, and J > 0 denote the
total mass, gravitational acceleration, and inertia matrix. The
rotor-generated body wrench is wy () := [£ (t) m] (£)].
With the rotor thrust vector f,.() := [ fi(t) --- fs(t)]T, the
allocation model is w;, (t) = Af,.(t), where A € R*®. Since
rank(A) = 6, the vehicle is fully actuated.

The spreading mechanism is mounted on the front arms
and driven by a Dynamixel MX-64 servomotor through a
lead-screw linkage. It produces approximately parallel mo-
tion at the two contact points during actuation. As shown
in Fig. 2a, the maximum contact-point separation is denoted
dpm,max, and the contact-point clearance dp, is the minimum
distance from either contact point to the nearest propeller
disk. The 6S LiPo battery counterweights the manipulator
to reduce the center-of-mass offset.

Let §; := ¥} denote the body-frame spreading direction.
For the two obstacle contacts, the contact forces are

fe10 = F18s, feop = —F58y,

where Fi, Fy > 0 are the contact force magnitudes. The
reaction force transmitted to the vehicle is
fp = —fe1p—feop = (Fo — F1)Sp.

For symmetric obstacle separation, the bars have approxi-
mately equal stiffness, so F; ~ F5. The mechanism therefore
applies a pair of opposing local contact forces, producing a
small resultant force on the vehicle. The variable-admittance
channels use an estimate of the resultant external wrench,
W 5, rather than the individual contact forces F and F5, be-
cause only their net effect enters the vehicle dynamics. For
unequal bar stiffness, F} # Fy, so f,,, # 0. Because
the contact points are offset from the vehicle center of mass,
this imbalance may also produce an external moment about

47



/[www.imavs.org/

http

IMAV2026-5

1 7t" INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND COMPETITION

we,b(t)

£, () |

() | Position [&(® | Velocity
Controller Controller

A

pn(®) Uy (2) (1)

_____ Attitude |@r()) Rate  |m»(® | Control Allocation |u(® [ Octorotor
¥.(t) | Controller Controller At € R6*8 Dynamics

A
@,(t) u(t) = [uy(t) - ug(®]7

I Extended ' P (), vy (£), (L), @, (t)

l Kalman Filter l‘

M, (1), C,(0),K,() | ()

A

. 2 N N . T
X X N L h(t) = [fe,x,b' fe,y,bl fe,z,bnre,z,b]
—_>| Variable Admittance Controller | h(®) | External Wrench L ap (1), wy (t)
pdes(t)

Mq(0), G4 (1), K4 () | Bell-shaped Function
,de
—[ a(t),b(t) HO, (1)

Estimator u(®), A(6), 3, (8), @y (t)

Wa,b(t):fg,b(t) .
Online RLS

Figure 3: Variable admittance control architecture.

Table 1: FT-X8 with spreading mechanism parameters.

Parameter Value

Motor model T-Motor U5-400
Propeller CF NS16x5.4
Rotor cant angle, 3 30°
Rotor-to-rotor diameter, D 0.625 m
Total mass, m 7.1kg
Manipulator mass 1.8 kg
Maximum horizontal thrust 19.7 N
Manipulator maximum load 115N
Maximum separation, dm, max 0.463 m
Contact-point clearance, dcp 0.225 m

Zp. The estimated force and yaw moment drive the trans-
lational and yaw admittance channels, respectively. Perfor-
mance under this imbalance depends on wrench-estimation
accuracy and available body-wrench authority. The attainable
local contact force is constrained primarily by the manipu-
lator maximum load, whereas the available horizontal thrust
constrains the resultant force transmitted to the vehicle.

The vehicle pose is measured by a Vicon motion-capture
system. An offboard MATLAB/Simulink interface ex-
changes position setpoints and pose measurements with a
Pixhawk 4 running the PX4 flight stack [18] over MAVLink.
The spreading mechanism is commanded separately, while
PX4 tracks the admittance-shaped reference.

3  VARIABLE ADMITTANCE CONTROL

The outer admittance loop modifies the desired reference
to generate an admittance-shaped reference, which is tracked
by the inner PX4 flight controller, as shown in Fig. 3. The
desired translational reference is expressed in JF as

rdes(t) = [mdes(t) ydes(t) Zdes(t)]—rv

SEPTEMBER 21-25, 2026, STRASBOURG, FRANCE

with desired yaw angle ¢4es(t). The admittance loop gener-
ates the compliant translational reference

r,(t) == [2(t) yr(t) Zr(t)]T

and yaw reference v,.(t). The combined references are

pr(t) =[x, (t) ¥ ()]

The admittance loop uses the body-frame external wrench
estimate W, (t) = [£,(t) #.,(t)]". This estimate is
obtained by combining an acceleration-based force observer
and an angular-momentum-based external-moment observer
using accelerometer and gyroscope measurements and the
rotor-generated wrench, without requiring a force/torque sen-
sor. The PX4 state estimator provides the vehicle-state inputs
to these observers. The force and moment observers compute
We b (t) using RLS-corrected model terms. The specific force

measured by the accelerometer, expressed in Fy, is

Pacs(t) = [Tdes(t) Yaes(t)]”,

ap(t) = RZ@) (pn(t> - gin)-

Let W (t) := [£,,(t) #,,(t)]" denote the RLS-corrected
applied rotor wrench, and let 7, ;(¢) denote the moment from
the estimated center-of-mass offset. The body-frame external
force and moment observers are

£.,(t) = K, /0 t (mab(a) —f4(0) — fe7b(o))d0, (1

Foslt) = K, [Jwb(t) _ /0 t (J1(0) x wil0) + 74,4(0)

+ Tap(o) — %e,b(a)) da] .
2

Here, Ky = 0 and K, > 0 are force and moment estimator
gain matrices. A small dead zone is applied to the estimated
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wrench components to suppress sensor-noise-induced residu-
als near the zero-wrench condition.

The RLS block updates estimates of the constant parame-
ters used in W, (t) and 74 5(¢) [19]. It corrects the rotor-
wrench model for aerodynamic interference in the canted
coaxial pairs and the center-of-mass offset introduced by the
spreading mechanism. The RLS update corrects only the
rotor-wrench and gravity-induced moment terms online. The
estimator is initialized from free-flight data and uses actuator
commands and onboard inertial measurements. The corrected
terms are used in the wrench estimator before the residual ex-
ternal wrench is computed. The RLS block does not estimate
contact forces directly or change the admittance law.

For the admittance law, the full wrench estimate is re-
duced to the translational force components and the body z-
axis moment. The four-channel admittance input is

fl(t) = [fe,@b(ﬂ fe7y,b(t) fe,z,b(t) 7A-e,z,b(t)]—r7

where 7 . (¢) is the estimated moment about Z,. Roll and
pitch remain regulated by the inner attitude controller and are
therefore excluded from the admittance input.

The virtual inertia, damping, and stiffness matrices are

M, (t) = diag(Ma (1), My (), M(t), My(t)),

Co(t) = diag(Cu (), C, (£), C. (1), Cu (1)),
K., (1) = ding (K, (1), K, (1), K. (1), Ky (1)).

The diagonal structure gives four decoupled admittance filters
for the translational components in J; and yaw. For each
channel ¢ € Q := {z,y, 2, ¢}, the scalar admittance input is

il (t) L fe,q,b(t)a qc {x,y,z},
q T ~
Te,z,b(t)a q= w
The channel-wise admittance equation for q is

Mq(t) (ﬁr,q (t) - ﬁdES,q(t)) + Cq (t) (pr,q(t) - pdeS,q(t))
+ Kq (t) (pr,q(t) — Pdes,q (t)> = ]Alq (t)

Each bell-shaped law uses the scalar channel input izq(t), not

the full vector h(t). The inertia and stiffness are defined by
generalized bell-shaped functions [20]. For each ¢ € Q,

Mq,max - Mq,min

M‘Z(t) = Mq,min + i ) 20(t) (3)
L+
and K K
Kq(t) = Kqmin + =250 ——0 (4)
1 + hQ((t))
a(t

The bounds satisfy 0 < My min < Mgmax and 0 <
K g min < K4 max. For small wrench components, (3) and (4)
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remain near My max and K .x, producing stiff tracking and
disturbance rejection. For larger wrench components, M, (t)
and K, (t) approach M min and K min, increasing compli-
ance during contact. The damping coefficient is set to

Cq(t) = 24/ My (1) K1),

which sets each channel damping ratio to one.

The distance to the obstacles and actuator saturation mod-
ify the bell-shaped admittance law. Let d.(¢) > 0 denote the
minimum distance from the manipulator contact points to the
two elastic obstacles, with d.(t) = 0 during contact. The
distance-dependent shape parameter is

q€Q,

b(t) = b1 — by exp (w> , Q)
bs
where by > by > 0 and b3 > 0. When the vehicle is far
from the obstacles, d.(t) is large and b(t) ~ by, producing
a sharper transition that keeps the virtual inertia and stiffness
near their maximum values for small estimated wrench com-
ponents. As the vehicle approaches contact, b(t) decreases
toward by — bs, and the smoother transition makes the virtual
inertia and stiffness decrease at lower wrench magnitudes.
The bell-shaped law is also adjusted by actuator saturation
so that compliance increases near actuator limits. Let u(¢) :=
[ur(t) -+ ug(t)]" € [Umin, Umax)® denote the motor pulse-
width-modulation (PWM) command vector, where Uyin =
1000 ps, Umax = 2000 s, and ug := (Umin + Umax)/2 =
1500 ws. The raw saturation factor is

) () —uotsl

Umax — UO

- (t ; (6)
so that y,-(t) = 0 when all commands are centered at 1500 s
and p,-(t) = 1 when at least one motor reaches a saturation
limit. A first-order low-pass filter is applied to ., (t) to ob-
tain the filtered saturation factor u(t) € [0, 1] and avoid rapid
parameter variation. The bell-width parameter is

a(t) = ay — p(t), M

where a; > 1 sets the maximum bell width. As actuator
saturation is approached, u(t) increases and a(t) decreases,
so M, (t) and K, (t) decrease at smaller wrench magnitudes,
increasing compliance near actuator limits.

Equations (3)—(7) define the admittance parameters as
functions of the estimated wrench component ﬁq(t), obsta-
cle distance d.(t), and filtered saturation factor p(t). Thus,
the same admittance law applies in free flight and contact,
without explicit switching between modes.

Table 2 lists the admittance bounds for the translation axes
(b, Yb, 2p) and yaw 1), the bell-shaped law parameters, and
the saturation-filter time constant. The bounds were selected
so that M, (t) and K (t) remain high in free flight and de-
crease during contact and near actuator saturation.
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Table 2: Admittance parameters for obstacle separation.

Parameter Translation axes Yaw

Mumin 1kg 10 kg m?
Mmax 10 kg 100 kg m?
Kumin 25 N/m 8 Nm/rad
Kmax 50 N/m 10 Nm/rad

Bell-shaped law parameters a1 = 2.5, b1 = 5,b2 = 3.5,b3 =2 m
Saturation-filter time constant 7, = 5 s

50 F T T 7]
large d., low p,

45 e small d,., low p, [
large d., high pu,

40 e s all d., high p, )

Virtual stiffness K, (N/m)

-10 -5 0 5 10
Estimated wrench component h,
1 5
3 =
é 0.8 g 4
Q =
£ 0.6 z
g g 3
2 04 s
g 2
= 02 = 2
i’ &
0 1
1000 1500 2000 0 2 4

PWM command u; Obstacle distance d, (m)

Figure 4: Effect of a(t) and b(t) on the stiffness law.

Fig. 4 illustrates the stiffness variation in (4) using the
translational stiffness bounds from Table 2. The four curves
correspond to combinations of obstacle distance and actuator
saturation factor. For large d., b ~ b, while near contact
b ~ b; — by. Low saturation gives p =~ 0 and a ~ a1, while
high saturation increases ;v and reduces a. A larger a keeps
K, near Ky,ax over a wider range of |qu |, so the drop toward
K nin occurs at larger wrench magnitudes. A larger b keeps
the response stiff for small wrench magnitudes and makes the
transition to the compliant region sharper. The inertia law in
(3) follows the same dependence on ﬁq(t), a(t), and b(t).

4 EXPERIMENTAL VALIDATION

The variable admittance controller is evaluated on the FT-
X8 aerial manipulator during elastic obstacle separation. The
experiment uses the equal-stiffness test rig shown in Fig. 5,
where two vertical bars are restrained by elastic bands to em-
ulate elastic obstacles. As the spreading mechanism opens,
it contacts and separates the two bars while the vehicle re-
mains under position control. This setup evaluates whether
the controller maintains bounded vehicle motion while the
mechanism applies large local contact forces during sustained
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bilateral contact.

Elastic 6 i
Bands Test Rig
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.- W Elastic
Bands

Figure 5: Experimental setup for elastic obstacle separation.

The vehicle is commanded to hover with the admittance
controller active and then approach the center of the test rig
until the spreading mechanism is positioned between the bars
and the vehicle body-frame ¥, axis is aligned with the test-
rig normal. After the mechanism is inserted between the
bars, the servomotor drives the spreading mechanism grad-
ually through its opening and closing motion, with both con-
tact points remaining in contact with the elastic bars. The
measured stiffness of each bar along y; is 387 N/m. Based
on this stiffness and the full-opening displacement, full open-
ing corresponds to an inferred local force of nearly 88 N per
bar. This inferred local force is 4.5 times the maximum hori-
zontal thrust listed in Table 1.

In Figs. 6 and 7, the green shaded region denotes the bilat-
eral spreading phase, during which both contact points remain
in contact with the bars as the mechanism opens and closes.
The unshaded portions correspond to vehicle positioning be-
fore and after bilateral contact. In Fig. 6, for each plotted
component g € {x,y, z,1}, the desired reference is denoted
by pdes,q> the admittance-shaped reference by p;. 4, the PX4
estimate by p,, and the Vicon measurement by py vicon.

Fig. 6 shows the vehicle motion during spreading. The
PX4 estimate and Vicon measurement follow the same
horizontal-motion trend. During bilateral spreading, the
admittance-shaped reference intentionally deviates from the
desired reference because the variable admittance law mod-
ifies the reference in response to the estimated interaction
wrench instead of enforcing rigid tracking of the desired ref-
erence. The horizontal reference deviations persist through-
out the bilateral phase, indicating sustained compliance rather
than a short contact transient. The desired vertical reference
remains nearly constant, while the Vicon measurement varies
by 0.041 m peak to peak over the interval shown.

50



.org/

/[[Www.1mavs

http

IMAV2026-5 17t" INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND COMPETITION

0.3F T T T T | E— 0.3F T T T T L E—
=== Ddes,x (t) === Pra (t) = Pz Vicon (t) e (t) === Pdes,y (t) === Pry (t) = Py,Vicon (t) Py (t)

Position z (m
Position y (m)

0 20 40 60 80 100 0 20 40 60 80 100
Time ¢ (s) Time t (s)
(a) = response. (b) y response.
T T T T T 2 | I I I I I |
—1.1}F - pdes,z(t) —— pr,z(t) — pz‘vmm(t) J— pz(t) 4 —— 1/Jdcs(t) - 1/}7'(t) — T/JVicon(t) I T/)(t)
. £
- 1.2} ! ! { ! — <
g VSN o ithvaniepunieriasiaucteth e S DA >
E 13k | | | | L B
73] <
o >
!
—14F .
0 20 40 60 80 100 0 20 40 60 80 100
Time ¢ (s) Time ¢ (s)
(c) z response. (d) Yaw response.
Figure 6: Vehicle motion during the spreading experiment. The shaded region marks the bilateral spreading phase.
3 T T T T T
g 21 | | — fe‘z,b — fe,y,b — fe.z‘b ZE 05F — 7:e,,z,b — 7A—e,y,b — fe,qu 1
g g
£ =
— Qo
g g
— —
; :
" =
M £ 05
. ; . ; ; M |
0 20 40 60 80 100 0 20 40 60 80 100
Time ¢ (s) Time ¢ (s)
(a) External force components fe 5. q € {z,y, z}. (b) External moment components e, ¢ € {,y, 2}
25k i [ f f L] __os| i [ f f L]
Py g
Z Z 06
g g
= =
= S 04
[} +
& g
of 1 = o} 1
0 20 40 60 80 100 0 20 40 60 80 100
Time ¢ (s) Time ¢ (s)
(¢) External force norm ||£. 5. (d) External moment norm || ||.
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The root-mean-square (RMS) yaw-tracking error rela-
tive to 1, over the bilateral spreading phase was 0.293°
for the PX4 estimate ¢ and 0.310° for the Vicon measure-
ment 1vicon. The corresponding maximum absolute yaw-
tracking errors were 1.14° and 1.19°, respectively. During
bilateral spreading, the maximum raw saturation factor com-
puted from the eight motor PWM commands using (6) was
frmax = 0.334, corresponding to a minimum PWM margin
of Aupi, = 333 us to the nearest saturation limit. The motor
PWM commands remained within 1422-1667 s during this
phase, and no motor command reached the 1000 or 2000 s
limits. The response therefore shows bounded vehicle motion
while retaining actuator authority during separation.

Fig. 7 shows the RLS-corrected external wrench estimate.
The estimated force components and force norm increase dur-
ing bilateral spreading and decrease after bilateral contact
ends, indicating sustained obstacle interaction. The domi-
nant force component is along the body ¥, axis, which is
the spreading direction §;, and has a peak magnitude of ap-
proximately 1.56 N. The peak absolute force components are
approximately 0.93 N, 1.56 N, and 1.37 N along the X3, ¥,
and z; axes, respectively, and the peak force norm is approx-
imately 2.11 N. The peak absolute moment components are
approximately 0.30 Nm, 0.67 Nm, and 0.41 N m along the
Xy, ¥b, and z; axes, respectively, with a peak moment norm
of approximately 0.754 N m.

The key quantitative result is the scale separation be-
tween the local obstacle-separation force and the resultant
force transmitted to the vehicle. The inferred local force at
full opening is nearly 88 N per bar, whereas the peak resul-
tant force estimated at the vehicle is 2.11 N, corresponding
to a local-to-resultant force ratio of 40. This occurs because
opposing contact forces make the resultant force on the ve-
hicle depend primarily on force imbalance rather than indi-
vidual contact-force magnitudes. The spreading mechanism
supplies the local force needed to displace the obstacles, and
the variable admittance controller modifies the reference dur-
ing interaction so that the vehicle remains bounded instead of
rigidly tracking the desired reference.

5 CONCLUSION

This paper presented variable admittance control for elas-
tic obstacle separation with a fully actuated fixed-tilt aerial
manipulator. The FT-X8 uses a single-actuator spreading
mechanism to apply opposing contact forces while the rotors
regulate vehicle motion. The admittance law varies the vir-
tual inertia and stiffness as functions of the estimated wrench
component, obstacle distance, and actuator saturation, pro-
ducing stiff free-flight tracking and compliant contact re-
sponse without mode switching. In the spreading experiment,
the inferred local obstacle-separation force was 40 times the
peak resultant force estimated at the vehicle. This result
demonstrates large local separation forces with bounded ve-
hicle motion during contact.
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