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Force Estimation at the Bionic Soft Arm’s Tool-center-point during the
Interaction with the Environment

Samuel Pilch!, Daniel Klug? and Oliver Sawodny?

Abstract— Soft continuum robots enable new application
areas in contrast to standard rigid robots, such as inter-
action with a varying environment. Due to their compliant
continuous structure, they are inherently safe and adaptive
to environmental conditions. In this paper, the interaction
with the environment is performed at the tool-center-point of
a soft continuum manipulator and is realized by a hybrid
force-position control. For this, a force estimation model is
derived to substitute the force sensor at the tool-center-point.
The force estimation is probabilistic and relies on normal
distributions considering model parameters and deviations from
model identification of the soft continuum robot. It also provides
a qualitative measure for the contact estimation. This paper
first presents the probabilistic force estimation model and then
shows the hybrid force-position control using the presented
model. From the results, it is concluded that force sensing is
replaceable for the environment interaction.

I. INTRODUCTION

Soft continuum robots are more suitable for interacting
with the environment than traditional rigid robots. They offer
an inherent safety towards objects or humans in case of
collisions. Because of their continuous structure and the re-
dundancy that comes with it, they can adapt to unstructured,
varying environments by bending, twisting or lengthening.
This makes them versatile. Moreover, their movements are
dexterous that make interactions gentle and thus natural.

In the literature, the interaction with the environment of a
soft continuum manipulator is often implemented by Carte-
sian stiffness or impedance control [1]. Cartesian stiffness
control aims to achieve a low stiffness of the manipulator at
the contact point. This can be implemented either actively
by feedback or passively by changing the manipulator’s
properties. Cartesian stiffness control is mainly used for
small continuum manipulators with a few segments [2],
[3]. In impedance control [4], the interaction is modeled
as a power exchange between the manipulator and the
environment, which is described by a mass-spring-damper
system. Impedance control systems, on the other hand, are
generally used for small [5], [6] and large soft continuum
manipulators [7], [8] with multiple segments.
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If force sensors are used, force controllers are advanta-
geous because the measured force at the tool-center-point
is fed back in the control loop. Especially in the field of
minimally invasive surgery, force control has been heavily
researched [9], [10], [11], [12], [13], [14], [15]. However,
these applications are limited to small soft continuum ma-
nipulators.

Hybrid force-position control [16] uses decoupled position
as well as force control loops, so that the position can be
controlled along unconstrained directions and the force along
constrained directions. Bajo et al. [9] presents an active
force control system in which a hybrid force-position control
is successfully applied to a continuum manipulator with
force sensing. A hybrid force-position control combined with
model-free control, where the Jacobian is learned in real-
time and safely adapts to ambient environmental conditions
in a safe manner, is presented by Yip et al. [17]. Miiller
et al. [15] applies successfully a decoupled hybrid force-
position control to a soft continuum manipulator using a
disturbance observer. However, in this case the force sensor
replaces the gripper at the tool-center-point, so, grasping and
manipulating objects is not possible.

This paper presents a tool-center-point force estimation
model which replaces the force sensing in the hybrid force-
position control loop from Miiller et al. [15]. This allows
the gripper to be designed independently of a sensor at
the tool-center-point as well as saving on the force sensor.
A hybrid force-position control without force sensing has
already been successfully implemented on rigid articulated
manipulators [18], [19], [20], [21]. For soft continuum ma-
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Fig. 1. Bionic soft arm, source: Festo SE & Co. KG. The 1.05m long
soft continuum manipulator is actuated pneumatically by three rotary drives
and four bellows segments.

9376



nipulators, this is only applied for small ones with negligible
masses [22]. Sadati et al. [23] applies a hybrid force-position
control without a force sensor at the tool-center-point of a
large soft continuum robot but uses a force sensor in the base
of the soft continuum robot.

To the best of our knowledge, a hybrid force-position
control using a force estimation model has not yet been
applied to soft continuum robots with non-negligible masses
and inertias. The paper is structured as follows. The setup of
the soft continuum manipulator is introduced in chapter 2. In
chapter 3, the force estimation model at the tool-center-point
of the soft continuum manipulator is presented. In chapter 4,
the force estimation model is validated independently and
the hybrid force-position control adapted with. Finally, the
validation results are discussed in chapter 5 and in chapter 6,
a conclusion of this paper is given.

II. SETUP

A force estimation model is derived replacing the force
measurement feedback in the hybrid force-position control
loop from Miiller et al. [15]. The adapted hybrid force-
position control used for interaction with the environment
is applied to the bionic soft arm (Fig. 1), which is also used
for validation in Miiller et al. [15]. The bionic soft arm is a
soft continuum manipulator actuated pneumatically by three
rotary drives and four bellows segments according to Fig.
2. The kinematics of the bionic soft arm are described by
q € R7 (Fig. 2) containing the rotation angles of the rotary
drives and the bending angles of the bellows segments. The
kinetics of the bionic soft arm are described by the equation
of motion.

M(q)q =+ C(q7 q)q + N(Q) = Text + T fric + Tact (1)

where M (q) is the mass matrix, C(q,q)q is the vector
of Coriolis and centrifugal terms and N (q) is the vector
of gravitational terms [15]. The right side of the equation
contains the external torque Ty, the friction torque Tgic
and the actuator torque T ct.

N
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Fig. 2. Kinematics of the bionic soft arm, where q1, g2, g3 are the rotation
angles of the rotary drives and g4, g5, g6, g7 are the bending angles of the
bellows segments. W is the right-handed world coordinate system and 7
is the right-handed coordinate system of the tool-center-point.

III. FORCE ESTIMATION MODEL

For the hybrid force-position control without force sens-
ing, an estimation of the external force at the tool-center-
point Fz;t € R3 is required. This is derived in the following.

The related external torque vector T..t iS computed by
rearranging (1). Due to inferior measurement of g the
derivatives of it are noisy. Moreover, slow movements of the

tool-center-point in contact situations are considered, thus ¢
and g are neglected. Therefore, the dynamics of the bionic
soft arm are neglected leading to the following equation:

Text = N(Q) — Tact, 2

where 7.yt iS the estimated external torque. The estimated
external torque Ty is transformed into a cartesian coordi-
nate system with its origin in the tool-center-point by the
mapping I'(q) = J7(q). J7(q) is the transposed Jacobian
of g at the tool-center-point. The equation holds

3)

according to Siciliano et al. [24]. Using the regularized
pseudoinverse of the mapping, I';(g), the estimated external
force at the tool-center-point is computed by

I (q) = (T7(q)T(q) +<I) ' T7(q),

= ) )
Fext = I‘j—(q)Texta

N ~T
Text = F(q)F

ext

where ¢ < 10~7. In the static case, i.e., constant actuator
pressures without external tool-center-point forces, the esti-
mated external torque does not vanish, 7.y, # 0. This is due
to static friction as well as model deviations. In particular,
it is unclear whether static friction supports or opposes the
actuator torque Tct.

The pressure-dependent static friction values are described
by d5ic(p) € R7. From model identification follows that the
model deviations of the bellows for the static case are up
to 0.9 N m. The static deviations of the rotary actuators are
vanishingly small. Thus, the maximal deviations of the static
model result in

ONm
ONm
ONm
09Nm |. (5)
0.9Nm
0.9Nm
| 0.9Nm

A measure of the maximal dynamic model deviations is
obtained during movements from the estimated torque of the
disturbance observer [25] used in the hybrid force-position
control loop [15] to

6modcl,stat =

2Nm
1.5Nm
0.3Nm
2Nm . (6)
2Nm
2Nm
2Nm

5model,dyn =

The lack of knowledge about the current magnitude and
direction of action of the static friction as well as the static
and dynamic model deviations is expressed by the normal
distributions Tgtat and Tayn

7;tat ~ N (7:ext7 Estat) 3

7
7:iyn ~ N ('f-extv Edyn) ) ( )
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where 7oy is the expected value and Xgi,¢ as well as Xgyp
are the covariance matrices. It is assumed that friction and
model deviations of the individual joints are independent
of each other. Furthermore, it is assumed that the maximal
observed deviations are three times the standard deviation,
about 99.73 %, of the normally distributed deviations. Thus,
the covariance matrices result in

1 02
Estat (P) = dlag ((5 (Jfric (P) + 6m0del,stat)> ) 5
2 )]
1
Edyn(p) = dlag ((5 (Jfric(p) + 6m0del,dyn)> ) B

where *°2° represents the element-wise squaring of the vec-
tors and the operator diag returns a square diagonal matrix
with the elements of its argument on the main diagonal.
Since a linear combination of normal distributions results
in a normal distribution again, the estimated external force
at the tool-center-point is described as a random variable

LT
‘FeTxt,* ~ N (Fexmrj_(q)z*rj_.r(q)) ) (9)

where x € {stat,dyn} to distinguish between the static and
the dynamic force estimation at the tool-center-point.

In the following, a measure is derived which indicates
a probability that a contact is present at the tool-center-
point of the bionic soft arm. For this purpose, the normed
estimated direction of the external force at the tool-center-
point is described as

1 ~ T
d=——F (10)
Fext

If the random variable .Fect’* is projected along this direc-
tion, the normal distribution of the estimated external force

at the tool-center-point is obtained with

d'T} (q)Z, (p)T T (q)d).

2
Hnc TG«

(an

ext)

FL, ~N(dF,
———

Hence, the expected value of the normal distribution of the
estimated external force at the tool-center-point is

~T
e = || Foxell - (12)

Thus, uc > 0 is always satisfied. Further, it should be
noted that due to the symmetry of the normally distributed
}'g , hegative values of .7-'(7;, , are possible. In particular,
for pc = 0, the random variable ]-"g’ , 1s negative with a
probability of 50 %. These negative values are not physically
meaningful, since the interaction of the tool-center-point with
the environment is always measured by a positive external
force. So, it is assumed that ]—"g + < 0 corresponds to the
contactless case, hence, the probability that no external force
at the tool-center-point is applied results in

~Pc. =2P (Fl, <0)
0 13
:/ N (x| ,uc,a%,*) dz. 1)

— 00

The complementary event that an external force is applied is
described by
Po,=1--Pc..

IV. VALIDATION

A. Experimental Validation of the Force Estimation at the
Tool-center-point

(14)

Fig. 3. The experimental setup for estimating an external force. An external
force is applied to the bionic soft arm by the nylon thread at the tool-
center-point. This force causes movement in the joints. At the same time,
the position control tries to maintain the initial position.

In the following, the force estimation at the tool-center-
point is validated experimentally. The experimental setup is
shown in Fig. 3. A punctiform external force is applied to
the bionic soft arm at the tool-center-point by pulling the
nylon thread. The applied external force, which causes the
bionic soft arm to move, is measured by the force sensor at
the tool-center-point. During the experiment, the bionic soft
arm is supposed to hold the shown initial position by the
position controller [15]. Fig. 4 shows the measured ‘Fz;t

T

ext

and estimated external force Hﬁ‘
error

along with its angular
~T
eq = angle <Fexm F;f{t)

~TT T
—1 FextFext (15)
F

= COS
-
|7z

ext ext

Fig. 4 also shows the estimated probability Pc gy that an
external force is applied causing the bionic soft arm to
move. In Fig. 4, it can be seen that the confidence interval
of £20¢ dqyn, Which is chosen instead of +30c qyn for
a better clarity, is not constant since the accuracy of the
force estimation depends on the direction of the force and
the joint positions of the bionic soft arm q. Typically, a
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Fig. 4. Contact detection and force estimation. In the top measurement

plot, uc is shown in (=) and |Fz;t|| is shown in (=—). The light gray
colored area shows £20c qyn, being about 95.5% of the confidence
interval of ]—'g ,- The middle measurement plot shows the deviation of the
force direction e4 and the bottom measurement plot shows the estimated
probability of contact P qyn- In the middle and bottom measurement plots,
the blue colored sections show when ||FZ;(t H > 2 N is satisfied and thus
an external force acts.

large applied force can be reconstructed better, as the given
model deviations are less important. During a contact, the
average angular error e is about 20° and the average error
between estimated and measured force is 1.68 N. Over the
entire period, the error of force estimation is 2.06 N. The
probability of contact Pc qyn is greater than 99 % during
each contact situation, i.e., applying external forces.

B. Experimental Validation of the Hybrid Force-position
Control with Force Estimation

In contrast to the experimental validation of the force
estimation at the tool-center-point, the direction of the ex-
ternal force at the tool-center-point is already known for
hybrid force-position control. For the hybrid force-position
control with force estimation, the already presented control
scheme from Miiller et al. [15] is used. Further, if no desired
motion is specified during contact, the model deviations are
reduced to the static case. Thus, the normal distribution of the
estimated force at the tool-center-point in 2”7 -direction, being
the normal direction of the tool-center-point plane (Fig. 2),
is given by

T 2
‘Fext,z,stat ~N (MC,CtrlvUC,ctrl) s (16)

Fig. 5.
figure, the tool-center-point of the bionic soft arm moves in the direction
of the object. Here, the position control is active. In the middle figure,
the contact between the tool-center-point and the object happens, thus, the
hybrid force-position control is activated. In the right picture hybrid force-
position control is active applying forces and holding position.

The experimental procedure of the force experiments. In the left

with
LT
HC,ctrl = [ 0 01 ] Fex‘m
0
0en=1[0 0 1]T7(q)Za(P)Ty(q) | 0
1

a7
Since the sign of the expected contact force is known, i.e.,
the force is negative for push, the probability of the contact

between the tool-center-point and the environment is given
by

0
PC,Ctrl = / N (iL’ | HC,ctrl, O—%,ctrl) dx. (18)

In contrast to the Miiller et al. [15], who use a force sensor,
here, a contact is detected as soon as Pc i > 99.73 %,
which corresponds to a confidence interval of £30¢ ctri.
Subsequently, hybrid force-position control is activated, but
1o,ctrl 18 fed back instead of the sensor signal. The validation
procedure of the hybrid force-position control is shown in
Fig. 5.

Fig. 6 shows the measurements of the validation proce-
dure. Here, the 2"V-axis is parallel to the 27 -axis. In compar-
ison to the validation procedure with a force sensor (Fig. 7),
the position control is switched later to the hybrid force-
position control. This can be seen in the desired trajectory of
the z"-coordinate reaching —0.2m in contrast to —0.18 m.
This leads to a time delay of about 2.3 s before the hybrid
force-position control is activated.

Fig. 8 shows the force trajectory sequence of the validation
procedure without the usage of a force sensor. The top
measurement plot indicates that the measured force F;Qt’z is
almost always within the 68.27 %—confidence interval with
HC,ctrl =0 ctrl, Which is chosen instead of ¢ ctr1 £30C ctrl
for a better illustration. The error between the estimated
and the measured force is consistently below 2N and is
on average 0.49N. Especially large forces are estimated
more reliably, due to the constant model deviations in the
almost constant configuration (Fig. 5). Throughout the force
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trajectory, the probability for a contact force Pc ¢y remains
above 98.5 %.
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Fig. 6. The validation procedure of the force control with force estimation.
In the top measurement plot the z"Y-position of the tool-center-point of
the bionic soft arm is shown. The reference is colored in (= =) and the
measured value in (=). The middle measurement plot shows the estimated
force pc,cer1 in (—) and the force Fg;t , measured at the tool-center-
point after filtering in (—). The bottom measurement plot illustrates the
probability Pc ctr1 in (=), indicating that an external force is applied.
The time period when the hybrid force-position control is active is colored
in light blue. The hybrid force-position control is turned on as soon as
Pg ctr1 > 99.73 %.
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Fig. 7. The validation procedure of the force control with a force sensor

at the tool-center-point. The top measurement plot shows the course of the
2"W-position of the tool-center-point of the bionic soft arm (—) and its
desired position in (= =). The bottom measurement plot shows the force
curve of the sensor Fg;t!z in (—). The filtered sensor signal is shown in
(==). The force reference is plotted in (= =). The area where the hybrid

force-position control is activated is colored light blue.

V. DISCUSSION

First and foremost, the estimation of the external force
at the tool-center-point Fz;t is based on the torque estima-
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Fig. 8. The force trajectory sequence is shown. In the top measurement

plot, (—) shows the estimated external force pc, ctr1 and (—) shows the

force Fg;t’ ., measured at the tool-center-point by the force sensor. The gray

colored area shows the 68.27 %—confidence interval with pc,ctr1 £0C ctrl-
The desired reference force is shown in (= =). The middle measurement plot
shows the control error of the force. The bottom measurement plot shows
the probability Pc ct,1 of a contact force. The bionic soft arm is in contact
with the environment for the complete duration of the experiment. The
corresponding pose of the manipulator is shown in the right subfigure of
Fig. 3.

tions of the bionic soft arm 7.y, which neglect dynamics
according to (2). So, the static case is considered. This is
valid for the experimental validation of the hybrid force-
position control with force estimation, as the motion is
neglectable, but has drawbacks for the experimental vali-
dation of the force estimation at the tool-center-point, as
motions are occurring here, which are considered by the
dynamic covariance matrix for dynamical model deviations
Yayn. Fig. 4 shows difficulties in estimating the external
force directions, especially in the beginning of the contact
when movement of the bionic soft arm occurs. This can
be explained by the dynamic model deviations and the
slow dynamics of the disturbance observer. However, the
. . . ~T
estimation of the applied external force HFeXt and the
related probability P gyn works well, since the estimated
external force is almost always in the confidential interval
and the contact detection is reliable and quick enough. This
result is confirmed by the experimental validation of the
hybrid force-position control with force estimation as shown
in Fig. 6 and Fig. 8. Compared to the hybrid force-position
control with force sensing (Fig. 7), there is a time delay
for contact detection of about 2.3s. This is because external
forces of larger than 2N are required for contact detection,
ie. Pt > 99.73 %, due to model deviations of the bionic
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soft arm. However, regarding the application, the time delay
is small. In total, the detection of contact at the tool-center-
point works reliably.

Overall, the hybrid force-position control with force es-
timation works reliably, such that the force sensor can be
removed if the external forces to be estimated are large
compared to the model deviations.

VI. CONCLUSIONS

In this paper, a probabilistic force estimation model of
the bionic soft arm is derived. It consists of the static
]-';LSmt and the dynamic model ]—";—(t_’dyn for estimating
the external force at the tool-center-point. They are based
on normal distributions considering model parameters and
deviations from model identification of the bionic soft arm.
Based on this, a qualitative measure for contact estimation
Pc,,x € {stat,dyn} is derived which is also part of
the force estimation model. The force estimation model is
validated successfully in experiments.

The interaction with the environment is performed by
the hybrid force-position control [15] using the derived and
validated force estimation model instead of force sensing.
For this, the estimated force is mapped onto the normal
direction of the tool-center-point plane. Based on the con-
tact estimation Pc ., the contact detection is defined as
Pc ctr1 > 99.73 %, which corresponds to a probability of
larger or equal than a confidence interval of +3 standard
deviations. The adapted hybrid force-position control is
able to detect contacts reliably in experiments for contact
forces larger than 2 N. In this case, the force sensor can be
substituted.

Future work may include the implementation of a sensor-
less gripper instead of a force sensor at the tool-center-point
of the bionic soft arm. Moreover, the contact detection can be
extended to any position at the bionic soft arm considering
unexpected contacts as well.
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