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Abstracti—With soft robotics being increasingly em-
ployed in settings demanding high and controlled con-
tact forces, recent research has demonstrated the use of
soft robots to estimate or intrinsically sense forces with-
out requiring external sensing mechanisms. While this has
mainly been shown in tendon-based continuum manipu-
lators or deformable robots comprising of push—pull rod
actuation, fluid drives still pose great challenges due to
high actuation variability and nonlinear mechanical sys-
tem responses. In this work, we investigate the capabili-
ties of a hydraulic, parallel soft robot to intrinsically sense
and subsequently control contact forces. A comprehensive
algorithm is derived for static, quasi-static, and dynamic
force sensing, which relies on fluid volume and pressure
information of the system. The algorithm is validated for
a single degree-of-freedom soft fluidic actuator. Results
indicate that axial forces acting on a single actuator can
be estimated with mean error of 0.56 + 0.66 N within the
validated range of 0—6 N in a quasi-static configuration. The
force sensing methodology is applied to force control in
a single actuator as well as the coupled parallel robot. It
can be seen that forces are controllable for both systems,
with the capability of controlling directional contact forces
in case of the multidegree-of-freedom parallel soft robot.
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[. INTRODUCTION

shift in automation away from deterministic factory settings
to collaborative, human-in-the-loop use-cases, and medical pro-
cedures [1]. Due to their compliance and softness when brought
into contact with the environment, soft robots are inherently
safer given that high contact forces are mitigated through defor-
mation around the point of contact. While there are a number
of application scenarios in which high compliance of the robot
is of paramount importance, significant deformability limits the
usage of such robots for tasks requiring accurate positioning
or precise loadbearing, as for example seen in catheter robotic
systems [2] or soft robot grippers [3].

If the envisioned application requires contact with a target
or load bearing, a soft robot can be designed such that it is
capable of exerting forces in a specific direction, while retaining
high degrees of compliance in others, which consequently leads
to highly underactuated systems. In our previous work, we
have shown that this approach is particularly viable in medical
applications, such as ultrasound imaging, and a parallel soft
robotic system has been proposed, which exhibits significant
compliance in some DOFs while remaining stiff in others [4].
The system is designed around spring-reinforced soft fluidic
actuators (SFAs) [5] as shown in Fig. 1(a). The soft robotic end-
effector (SEE) system is capable of applying loads commonly
found in ultrasound imaging without exhibiting substantial de-
formation in the contact force direction. While the system has
been proposed with the application of medical ultrasound in
mind, such a soft parallel mechanism is highly adaptable and
could be employed for a wide range of applications requiring
the adaptability of a soft robot with the ability to control contact
forces. An overview of the system equipped with an ultrasound
probe is shown in Fig. 1(b). Such high force and high stiffness
soft robotics systems can, in contrast to their highly compliant
counterparts, pose risks to their environments and, in case of
medical robotic systems, patients. Sensing applied forces be-
comes therefore crucial for safe usage of such robots. To keep
system complexity minimal, integrated mechanisms for sensing
and controlling applied contact forces have to be derived.

In current soft robotic systems force sensing are predomi-
nantly achieved by attaching dedicated force—torque sensors at

S OFT robots have gained popularity following the paradigm
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Fig. 1. Soft robotic end-effector driven by extensible soft fluidic actu-
ators (SFAs) under external loading (a) and example application of the
system for extracorporeal ultrasound (b).

the desired contact point on the robot’s body or in close prox-
imity to it. For this purpose, rigid, miniature force sensors have
been developed and efficiently applied for example in medical
procedures, minimally invasive surgery, and others. Different
approaches have been developed based on physical quantities
such as displacement and strain, resistance, or pressure. An
extensive review is given in [6]. Tip force sensors are particularly
employed in continuum systems [7]. For the purpose of creating
custom sensors, fibre optics show due to their flexible nature
good applicability to measuring strains in sensing structures.
Various fibre optics-based force sensors have been presented
in [8] and [9]. A larger scale body contact sensor has been applied
to a soft surgical manipulator in [10]. It has been proposed to
employ a rigid force sensor at the base of a soft robotic manip-
ulator, thus maintaining a soft interaction [11]. The accuracy of
estimating the force applied at a defined contact point along
the robot’s body is then highly dependent on the employed
model as well as the feedback methodology for providing strain
or deformation measures. Moreover, is the location of contact
unknown or multiple forces act along the robot’s body the
approach fails.

Advances in material sciences have resulted in the devel-
opment of flexible sensors, which show the potential to be
integrated in the elastomeric bodies of soft robots. Such sensors
make use of e.g., piezoelectric polymers [12] or fluidic chan-
nels filled with liquid metal [13]. An overview on recent soft
electronics sensors is given in [14].

While the abovementioned concepts employ dedicated sens-
ing devices attached to or embedded in the soft robotic struc-
ture, the robot could itself, due to its deformable and adaptive
nature, be utilized to determine externally applied forces. This
is commonly referred to as force estimation. It has been shown
that the information contained in the shape of the robot can
be used to approximate the applied loading [15]. Rucker and
Webster [16] presented a probabilistic approach to force sensing
in a continuum robot. A shape reconstruction algorithm with
consecutive statics model is proposed in [17]. A feature-based
visual tracking algorithm combined with a finite element model
for estimating external forces is presented in [18]. These ap-
proaches, however, require at least partial or in some cases full
knowledge about the deformed shape of the manipulator, which
is often limited either by the field of view or the update rate
of the given sensing modalities. In [19], the external tip force
acting on a steerable catheter robot has been investigated using
electromagnetic marker tracking, indicating good applicability
to clinical applications in which EM trackers are commonly used
for catheter guidance.

Other investigations have shown that, besides the shape, the
feedback in the actuator space of the robot could be utilized to
determine externally applied forces, which is commonly referred
to as intrinsic force sensing. Sensing external forces intrinsically
offer a number of inherent advantages. Dedicated force—torque
sensors can be omitted from the design and sensors while sensors
employed for intrinsic sensing can be positioned away from the
end-effector, which can lead to simplified designs and entirely
compliant interfaces between end-effector and environment. Ex-
tensive work has been conducted in intrinsically sensing the tip
wrenches in multisegment continuum robots [20], [21]. In [22],
Haraguchi et al. proposed a disturbance observer approach to
determine external forces applied to a pneumatic manipulator,
which is limited by the backbone material of the flexible joint re-
quired for the force sensing approach. Black et al. [23] presented
an actuator space-based force sensing approach for a parallel
continuum robot. In our previous work, we have shown that
external forces applied to a hydraulic soft robotic manipulator
can be related to internal hydraulic pressure variations in the
actuating fluid given that an accurate model of the manipulator
shape exists [24].

In this article, we derive an intrinsic force controller, which
relies entirely on measurements of actuation pressures and in-
duced fluid volumes. This is achieved by describing the intrinsic
force sensing in the actuator space of the system and translating
it into Cartesian space. Force sensing and control are derived
for independent, single degree of freedom (DOF) soft fluidic
actuators (SFAs) initially and combined for describing force
control in a 3DOF parallel soft robotic end-effector (SEE),
which is validated in clamping contacts. In summary, this work
contributes the following:

1) Analysis of the internal pressure characteristics of an
SFA under inflation and external loading, which enables
distinction between internal pressures caused by the SFA
material strain and loads applied to the tip of the SFA.

2) Force estimation in an SFA, which enables the intrinsic
sensing of external forces under varying internal fluid
volumes.
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3) A novel intrinsic force controller, which relies solely
on fluidic pressure and the known kinematic constraints
applied to the system to sense and regulate external forces
in a dynamic environment.

4) Validation of the intrinsic force controller with a single
SFA and the combined SEE with a stationary clamping
contact under varying loads and inflation levels.

Il. METHODOLOGIES

Intrinsic force sensing in extensible soft robots is highly
dependent on the robots’ states and loading conditions. In the
following, it is elaborated how static intrinsic sensing can be
achieved when the robot configuration is ignored, which is
demonstrated given the example of a single SFA. A lumped
modeling approach is then described to consider configuration
changes in the SFA. An approach to quasi-static and dynamic
intrinsic force sensing is derived and force controllers are pro-
posed for a single SFA and the SEE.

To simplify the derived control approach, force sensing and
control are derived in the actuator space of the system. Forces are
then related to the Cartesian space. Vectors containing forces and
moments or kinematic information are denoted as *** and *°"
when represented in actuator or Cartesian space, respectively. An
overview of the algorithms for static, quasi-static, and dynamic
intrinsic force sensing is provided in Fig. 2.

A. Static Force Sensing

In static force sensing, the configuration-dependency of the
internal fluid pressure is ignored. Here, the robot is positioned
in a given configuration and external forces are directly related
to the pressure variation in the actuator space of the system. An
external force applied along the direction of extension of the
SFA induces a hydraulic pressure change of the form

act act
ext — Pext ta ()

where f2 is the component of the external force acting along

the direction of actuation of the SFA, P2 the resultant hydraulic
pressure and a the cross-sectional area of fluid channel.
This formulation can be expanded to a parallel assembly

of multiple SFAs by determining the wrench transformation

between a rigidly connected frame and the individual SFAs, as it
has been shown in our previous work for the previously derived
SEE [5]. Assuming a known, rigid transformation between
actuators and a desired reference frame H, the relationship can
be written as

cart — H . Pacl a (2)

ext ext

where f& € [3 x 1]is the external force applied in Cartesian

space, a the cross-sectional area of the actuator fluid chamber
and P%; € [n x 1] the vector of external pressure applied to the
n individual actuators. H transforms the external force from

actuator space into Cartesian space, such that

af;;arl {)flﬂc‘ afgu-[ 8fzacl 8f§drl/af$f[
H = [of" /o 0" /ops Ofy" fo e 3)
8f§aﬂ afilcl 8](';6([ aféml afgan/af;lf&

where n is the number of actuators in the system. The formu-
lation also holds for moments applied to the parallel structure,
which will be ignored in this work given the limited number of
SFAs employed in the SEE.

While in an kinematically constrained extensible actuator a
can be considered as constant, in reality the cross-sectional area
of the fluid chamber changes under increasing fluid volume.
Moreover, if the hydraulic fluid system contains entrapped
air, the mechanical transmission between external force and
hydraulic pressure change might be nonconstant. Therefore,
in practice, a can be considered as the force transmission of
the system and has to be approximated and experimentally
determined.

B. Quasi-Static and Dynamic Force Sensing

Variation in the internal fluid volume V leading to strain
in the actuator induces stress, which is reflected in form a
hydraulic pressure P;,. Hence, changes in fluid volume within
the actuators, and as such in the state of the system, need to be
considered when estimating external forces.

The internal stress o exerted by an elastic body under an
induced strain € can be described

oc=F-¢ 4)

where E is the Young’s Modulus of the elastic material. For a
linear, isotropic elastic cylinder with an internal cavity of cross-
sectional area a as shown in Fig. 3, a linearized local extension

can be expressed as a function of the internal force f2, such
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that

w= Ty By 5)
LO aLO

where Lo and Vj are the initial length and fluid volume of the
actuator and L and V' the respective increments in SFA extension
and introduced fluid volume, respectively. A is the total cross-
sectional area of the SFA without the cross-sectional area of
the fluid channel, which is denoted as a. An overview of the
variables is indicated in Fig. 3. The resultant internal pressure
can be written as

EA
‘Pl?l(zt = a2L0

where Ky, is the stiffness of the SFA.
If an external force is applied to the system along the direction

of actuation then, under static equilibrium conditions, the fol-
lowing holds for the total hydraulic pressure P! in the system

Pacl — Pact + Pacl (7)

nt ext

V=KyV (©6)

where the total hydraulic pressure in the actuator is measurable
by introducing a pressure transducer to the fluid system. To infer
the external force applied axially to the SFA, one can employ
the derived model such that

Pact — Pact _ Pact — Pact _ KVV (8)

ext int

In case of the SEE, actuators are coupled in parallel. Thus,
volume variation in a single SFA not only affects its internal
pressure P>, but the internal pressures and resulting forces of

int >
act Tati act _ fact act
all coupled SFAs fi}. Force variations fi' = fi, + f&i ; act

int *
in the local frame of the respective ith SFA {act; }, as shown in
Fig. 4.

Expressing the stiffness for the combined mechanism there-

fore yields

kin ki kis
Ky = |k kn kx 9
kar ks k33

where k;; are the independent SFA stiffnesses and k;; the effects
induced by volume variations of coupled SFAs. While an analyt-
ical formulation can be found following the derivations shown in
our previous work [5], the elements of Ky not only depend on
the elastic properties of the SFAs, but on the combined stiffness
of actuators and fluidic drive system. The latter can be greatly
affected by the chosen tubing and entrapped air among other

factors. Therefore, in practice, Ky, should be calibrated prior to
sensing external forces.

The linear stiffness of the SFAs can be estimated by de-
termining the pressure response of the system when inducing
known fluid volumes V' = [V, V4, ..., V,,]T with n indicating
the number of independent actuators. For a single DOF system,
this can be achieved by inducing and retracting volume across the
extension range of the actuator and linearizing the pressure re-
sponse. For the multi-DOF system, samples have to be acquired
across the actuator space to consider configurations in which
coupling forces occur between the actuators. The stiffness can
then be estimated by solving the linear least-squares problem

minimise [|KyV — PX| (10)
v
where K v 1is the approximated stiffness in the actuator space of
the system

This can then be related to the external force in Cartesian

space by

“t — (P — KyV)-a.

ext

(1)

For fast SFA extensions, the damping of the system due to long
fluidic lines becomes significant. Assuming linear damping with
the damping coefficient Dy, the internal force of the actuator
can then be expressed as

P = Ky V + Dy V (12)
where V expresses the actuation fluid flow rate.
For the combined SEE, the external force under consideration

of damping caused by the fluid flow becomes

fét = H(P* — KyV — DyV)-a.

ext

13)

Alike the stiffness of the system, Dy  is determined exper-
imentally. This is achieved by introducing working fluid at a
defined flowrate and measuring the damping-induced pressure
response. The damping coefficient is then linearized for each
SFA.

C. Force Control

Based on the previously derived characteristics of the system,
a linear force controller can be defined to drive the contact force
to a desired force setpoint f$" in Cartesian space.

For a single SFA, a generic force PID controller can be defined
as

Vi=Grfi Gr [ fRar Gofet a4)
t

where Gp, Gy, and Gp are the proportional, integral, and

derivative gains, respectively. V is the demanded SFA flow rate

and f2' denotes the force error in actuator space such that

facl __ pact __ pact
e — Jd ext*

With the demanded force f3* along the central channel of the
SFA. For the multi-DOF system with an arbitrary force direction
in Cartesian space the force control law becomes

Ve Grf.+ Gy / fodt + Gpf, (15)
t
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where G p, G, and G p are diagonal gain matrices. The force
error can then be defined in actuator space by
t t —1 art act
fe=Fa —fa=H fi"—Pg-a

ext

(16)

cart

with the demanded force in Cartesian space f

= [fd,am fd,ya fd@]T'

D. Experimental Validation

Experimental setups are created to validate the accuracy of the
proposed intrinsic sensing and control approaches for the soft
robotic ultrasound end-effector, which has been presented in our
previous work and is shown in Fig. 1 [5]. It is comprised of three
SFAs arranged in parallel, linking the moving top platform to a
fixed base. Unless stated otherwise, the SFAs are fabricated from
two types of silicone rubber, namely Dragon Skin 10NV for the
SFA body and Smooth-Sil 960 for the endcaps (Smooth-On Inc.,
Pennsylvania, USA), and comprise of a central channel which
is spring-reinforced. The system is moreover equipped with a
braided nylon mesh, which has been shown to eliminate twist
between the two platforms, thus, greatly improving load-bearing
capabilities when an external wrench is applied. The inflation
level of the actuators, which corresponds to the percentage of
introduced fluid volume relative to the maximum volume of
5 ml, is regulated by three stepper motor-driven syringe pumps.
Assuming negligible compressibility of the working fluid, the
linear syringe pump system allows for efficient estimation of
the introduced fluid volumes from the syringe plunger position
and hence the rotational angle of the stepper motors. Fluid
pressures are monitored by dedicated analogue pressure sensors
(Shenzhen Yibai Network Technology Co., Ltd., China), which
are introduced into the fluid channels.

To determine the effect of the SFA state and shape on the
force transmission of the system, it is characterized by applying
compression loads acting along the main axis of the SFA and
measuring the resulting hydraulic pressure variation. For this
purpose, the base of the SFA is fixed and its tip is slowly
displaced by 2 mm perpendicular to the SFA tip’s surface using a
robot manipulator (UR3, Universal Robots, Odense, Denmark).
The resulting force applied to the SFA is measured with a
force—torque sensor (Gamma, ATI, Apex, USA). An overview of
the setup is provided in Fig. 5(a). The measurement is repeated
for different levels of extension in 0.5 ml volume and 10 deg
bending increments. Bending poses are obtained assuming a
constant curvature arc given the length of the SFA and a desired
tip bending angle. The force transmission is characterized for
varying inflation volumes V' and bending angles 6.

To verify the pressure and extension behavior of an SFA
with a minimal influence of bending and shearing, a railed
experimental setup is constructed. It comprises of two linear
guides to which the SFA tip is connected. Two stainless steel
rods are attached to an aluminium profile through two 3d-printed
bracket elements. A sliding element is added, which contains
one linear bearing (LM6UU) per guide to reduce friction. The
slider is connected to a linear potentiometer (100 mm stroke
length), which is fixed to the aluminium profile. The SFA is
fixed to one of the bracket elements and attached to the slider.

UR3 g © Linear
‘ \ ATI Gamma o guide
« vl | Potentio-

\ n l meter
; .fZ{x(t’ & ] Tlp
g I SFA
h,/Base

b

— Weight

(a) (b)

Fig. 5. Experimental setups for SFA loading characterisation. The SFA
tip is displaced by a robot manipulator (UR3) under a given bending
angle 6 and the resulting force f;ftt measured by an inline force—torque

sensor (ATl Gamma) (a). Weights are applied to the tip of the linearly
guided SFA to determine loading for different extensions (b).

Fig. 6. Experimental setup for force control evaluation with clamping
contact provided by a robotic manipulator.

Upon inflation, the slider is moved and a proportional voltage
is measurable across the potentiometer. The pressure inside
the hydraulic tubing is measured using a capacitive pressure
transducer. A depiction of the experimental setup is presented
in Fig. 5(b).

The force controller for a single SFA as well as the integrated
SEE are validated under a clamping contact constraint, which is
achieved by affixing the base of the SFA and SEE and attach-
ing the tip via a force—torque sensor to a robotic manipulator.
Exemplary setups are shown for the single SFA in Fig. 5(a) and
for the SEE in Fig. 6. The individual SFAs are actuated through
linear syringe pumps, as introduced in our previous work [5].
The controller is executed at a frequency of 250 Hz and pressure
data is filtered using an exponential moving average filter with
a cutoff frequency of 100 Hz.
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A. Static Force Sensing
The force transmission as a function of the SFA inflation 0 . . .
volume V' and bending angle 6 is presented in Fig. 7. It follows 0 25 5 75 10 125 15 175
a highly nonlinear trend with the induced working fluid volume, Extension [mm]
which approaches a constant value for volumes greater than (a)
2.5 ml. The effect of bending, however, is negligible compared to 751
the sensitivity change due to extension. To simplify the dynamic
control of the system, in the following, the SFA will only be 8 5ol
controlled in a region with minimal change to the transmission, &
which is achieved by limiting inflation volumes to > 2.5 ml. For §
this range, the force transmission is 48.5+3.25 kPa/N. The error 8 25+

introduced by linearizing the force transmission of the SFA is
therefore 6.69% of the maximum inflation pressure. The error
introduced by bending the actuator is insignificant compared the
change in inflation and is therefore ignored.

The obtained force transmissibility is applied to verify the
static and quasi-static force sensing capabilities of the SFA.
In the static force sensing experiment, internal pressure P
is sensed once a desired inflation is reached and thus, pressure
effects induced by the fluid volume are ignored. In quasi-static
force sensing the internal pressure is estimated as a function of
the induced fluid volume.

The SFA is attached to a linear guide and for different levels of
extension, loads in form of weights are applied axially through a
cable. Given the previously derived constant force transmission,
the applied forces are estimated as indicated in (1).

The SFA is inflated in a range from 50% to 100% in 10%
increments. For each inflation state, weights inducing loads of
2N, 4N, and 6 N are incrementally added to the tendon attached
to the tip of the SFA before a new inflation volume is approached.
The results are shown in Fig. 8, where Fig. 8(a) shows the force
error averaged over the applied loads for varying inflation and
Fig. 8(b) the force error averaged over the different inflation
levels for varying force levels.

The results indicate that the inflation level has a less significant
effect on the force sensing accuracy as the force level in static
force sensing. While the force error remains almost constant
throughout different levels of inflation at 0.154-0.18 N, the error
due to the applied load increases from 0.18+0.11 N for a load
of 2 N to 0.261+0.36 N at 6 N. It can be concluded that, without

0 .

0 25 50 75 100 125 150
Pressure [kPa]

(b)

Fig. 9. Variation in SFA extension (a) and pressure (b) for repeated
volume variations across 500 repetitions.

the contribution of uncertainty from randomised movements of
the SFA, higher forces applied to the SFA lead to less accurate
force sensing, while the inflation of the SFA does not contribute
significantly to a change in error.

B. Quasi-Static Force Sensing

To demonstrate the effect caused by other unconsidered me-
chanical phenomena and to establish a maximum accuracy with
which the internal pressure inside the SFA and thus the state
of the SFA can be estimated as a function of the induced fluid
volume, a repeatability experiment is conducted. To this end, a
set amounts of working fluid are induced into the SFA and the
extension and pressure responses are recorded in steady state.
To ensure consistency of the results, this is repeated 500 times.
The order of the demanded volumes is randomized to show the
effect of history-dependent phenomena such as hysteresis.

Results of the experimental validation are shown in Fig. 9.
The standard deviations for each SFA state are presented in
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Fig. 11. Damping pressure for different flow rates V of a single SFA.
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Fig. 10.  Force error in quasi-static intrinsic force sensing for varying
inflation (a) and force levels (b) of a single SFA

Table I. The accuracy in both the SFA length and pressure vary
substantially with the induced extension. It is worth noting that
due to the nonlinear relationship between extension and pressure
for a given fluid volume inside the SFA the mean extension and
pressure values resulting from eight volume setpoints are not
equally spaced. While the positioning uncertainty reaches local
minima of 0.15 and 0.12 mm at the 0% and 100% of volume,
a maximum standard deviation 0.29 mm is observed at 42.9%
extension. A similar trend is observable in the pressure sensing.
The pressure sensing uncertainty reaches its minimum at 100%
extension and a maximum of 4.02 kPa at 28.57% extension. The
mean SFA state uncertainty is 0.2 mm in position and 2.95 kPa
in pressure. Taking into account the force transmissibility of the
system, this relates to an uncertainty in force of 0.06 N.

An experimental validation of the quasi-static force sensing
capabilities of the SFA is conducted. A randomised sequence
of 100 poses in the range from 50 to 100% extension with
increments of 10% is generated. A random load of 0N, 2 N, 4 N,
or 6 N is assigned to each pose and attached to the SFA once
the pose target is reached and dynamic pressure variations have
settled. The resulting data are summarized for varying inflation
level in Fig. 10(a) and for varying force level in Fig. 10(b).

In comparison to the results of the static force sensing experi-
ment, the mean error across all configurations is increased from
0.1540.18 N to 0.56+0.66 N. Similar to the previous results, it
can be seen that the accuracy of the estimation decreases with
the applied load, from 0.39+0.53 N at 0 N load to 0.77+£0.94 N
at 6 N. While the accuracy decreases with the applied load, it is
only minimally affected by the inflation level. The external force
applied to the SFA can be estimated with an average accuracy
of 0.56 N+0.66 N across all configurations.

resultant damping coefficient Dy, computed such that

 P-KyV

D
v v

a7)

50% of the beginning of each trajectory is ignored due to
pressure fluctuations induced by the rapid acceleration of the
system. The results of the evaluation are presented in Fig. 11,
where each sample corresponds to the computed damping pres-
sure Py q = DVV for a given constant flow rate of the SFA
across one inflation and deflation cycle. The pressure offset
caused by the damping of the system is highly discontinuous
and nonlinear. It can be described by a discontinuous function
of the form

3.008% -V —16.82kPa, V <O0ml/s
Dy = { 13.1kPa, Oml/s <V <0.1ml/s
16647 -V + 13.10kPa,  0.1ml/s <V

(18)

To simplify the controller and avoid discontinuities, the com-
bined damping as a function of the flow rate is linearized
across the investigated flowrate ranges. For the given SFA, the

linearized damping is determined as 4.46 Iﬁf/as.

C. SFA Force Control

To verify the performance of the force controller, step re-
sponses of the system are recorded for steps with demand forces
of ON, 2N, 4N, and 6 N of axial force. For that purpose the base
and tip are fixed in space before the step is demanded. Due to the
possible variability of the force controller performance with the
extension length of the SFA, data are recorded for initial inflation
volumes Vipi; of 50%, 60%, 70%, and 80%. For the single SFA,
a PD-controller with Gp = 1.97% and Gp = 0.2%. Upon
reaching the demanded force, the SFA is deflated, inflated to
Vinie and the next target force is approached.
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Fig. 12.  Results for SFA step responses at 50% (a), 60% (b), 70% (c), and 80% (d) initial inflation showing the measured forces for varying force

demands of 0N, 2N, 4 N, and 6 N.

TABLE Il
STEADY STATE ERROR OF THE SFA FORCE CONTROLLER FOR VARYING
INFLATION LEVELS AND TARGET FORCES

act

Vi ~Ld ON 2N 4N 6N o
50% 048N 0.20N  0.13N  0.74N  0.39N
60% 0.67N 036N 026N 0.59N 047N
70% 027N 035N  0.18N  0.6IN  0.35N
80% 093N 055N 0.18N  1.02N  0.67N

o 0.59N 036N  0.19N  0.74N 047N

Time series of the step responses are shown in Fig. 12 and
the resulting steady-state errors are summarized in Table II as
follows.

The controller achieves the desired forces well with a mean
absolute steady-state error of 0.47+£0.24 N across all configu-
rations and force levels. This is in range with the previously
validated quasi-static force sensing accuracy. The precision of
the controller remains consistent over all tested configurations.
Best results are achieved for demand forces of 4 N and infla-
tions of 70% and 80%. For most test conditions a small, time-
dependent change in the steady-state error is observable. The
contact force increases over time, whereas the estimated force
remains constant. This could be caused by the stress relaxation
of the elastic material. Stress relaxation leads to a slow decrease
in the internal stress, which in return results in a decreasing
estimate of the external force. The controller compensates the
falsely measured force difference, resulting in an increasingly
higher external force.

D. SEE Force Control

Prior to evaluating the force controller performance, a cali-
bration is undertaken to determine Ky . A typical estimate Ky
is shown as follows.

4331 194 148 .
Ky =094 4864 139 | with[Ky]= mf‘. (19)
036 118 44.18

The force controller is implemented as a PI controller with gains
Gp = 1.97% and G = 0.0Z% The step responses of the
combined SEE for different inflation levels and demand forces
are evaluated. Steps are given for forces in -, y-, and z-direction.

TABLE IlI
SEE FORCE CONTROL STEADY STATE ERROR FOR DIFFERENT INFLATION
LEVELS AND TARGET FORCES IN z-DIRECTION

"
w SN 25N ON 25N SN u
init

50% 1.664+0.63N  0.98+0.56N  0.47+0.55N  0.55+0.48N  1.56+0.56N  1.0440.55N

60% 1.5240.37N  0.94+£0.35N  0.36£0.44N  0.84+0.55N  1.12£0.62N  0.9610.42N

70% 1.5340.36N  0.89+0.33N  0.314£0.35N  0.65+0.48N  1.11£0.55N  0.904-0.46N

80% 1.5640.36N  0.57£043N  0.39£0.48N  0.72+£0.26N  0.73£0.43N  0.7940.45N
TABLE IV

SEE FORCE CONTROL STEADY STATE ERROR FOR DIFFERENT INFLATION
LEVELS AND TARGET FORCES IN y-DIRECTION

cart

vilay SN 25N ON 25N 5N "
50% 1.05£046N  0.80+0.50N  0.43+0.53N  0.57+£0.65N  0.57+0.68N  0.68+0.24N
60% 1.394049N  0.78+044N  041£0.52N  056+£045N  0.60£0.5IN  0.75+0.38N
70% 145£044N  096+042N  0.35:043N  0.73+£0.44N  0.82+£040N  0.86::0.40N
80% 0.87£042N  040£044N  037£045N  043+£045N  036+0.42N  049+0.22N
TABLE V

SEE FORCE CONTROL STEADY STATE ERROR FOR DIFFERENT INFLATION
LEVELS AND TARGET FORCES IN 2-DIRECTION

cart

Vit 2 ON 3.75N 7.5N 11.25N 15N m
50% 0.594+0.76N  0.72£0.68N  1.100.62N  1.54£0.67N  2.10+0.67N  1.21+£0.62N
60% 0.56+0.67N  0.66+£0.67N  1.02+0.6IN  1.32+£0.68N  1.64+0.67N  1.04£0.45N
70% 0.484+0.63N  0.65£0.60N  0.9140.62N  1.24£0.66N  1.544+0.65N  0.96:+£0.43N
80% 0.494+0.65N  0.65+£0.65N  0.82+0.62N  1.00£0.62N  1.11+0.66N  0.82+0.25N

The responses are shown in Fig. 13 and steady-state errors are
summarized in Tables III- V for measured forces f,, f,,and f..

The measured force responses show good controllability of
the tip force. Larger steady-state force deviations occur only for
demanded forces with greater magnitudes of | f4| > 2.5 N for
z- and y- and f; > 10N for z-direction. Across all directions
and demanded forces it can be seen that force error decreases
significantly with the initial inflation of the SEE. While for
50% inflation the mean steady-state error is 0.98 N, it decreases
by 29% to 0.7 N at 80% inflation. The error scales with the
magnitude of the force. Similar diverging behavior as seen in
the SFA step responses in steady state is mainly observable
for large demand forces. Its impact on the controller is sig-
nificantly lower compared to the controller performance for a
single SFA.

E. SEE Force Control-Trajectory Tracking

The controller’s ability to track time-varying force demands is
validated across six trajectories of which three are executed from
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Fig. 13.  Results for SEE step responses at 50%, 60%, 70%, and 80% initial inflation indicating the measured forces for varying demanded forces

of -5N,-25N,0N, 2.5, and 5 N in z- (a) and y-axis (b) as wellas 0 N, 5N, 10 N, and 15 N in z-axis (c).

a straight initial configuration and three from deformed initial
configurations. In this configuration, the SEE is equipped with
SFAs made of Ecoflex 00-45 silicone rubber (Smooth-On Inc.,
Pennsylvania, USA) and force data are obtained using a Mini40
force—torque sensor. Results are presented in Fig. 14 for six
trajectories acquired in six different configurations of the SEE, of
which three are in a straight, inflated and three in a deformed con-
figuration. It can be seen that the controller tracks the demanded
forces well according to the estimated force feedback. Along
the z-direction, estimated and measured forces align well, with
slightly larger errors being evident for the passively deformed
configurations. Estimation in z-direction appears more accurate
when forces are acting in multiple directions, with errors in y
being greater. In deformed configurations, both estimation errors
in x- and y-direction increase drastically while the estimation in
z-direction is still accurate.

[V. DISCUSSION

This article establishes a practical approach to intrinsic force
sensing and subsequent force control in fluid-driven soft robotic
systems. From the mechanical characterization of the system, it
can be seen that a wide range of physical phenomena have to
be taken into account to produce a viable model of the system
across its entire workspace. This includes a nonconstant, non-
linear force transmission, history-dependent phenomena, which
induce pressure and consequently force uncertainty and dynamic
effects such as damping. In this work, we determine a range of
SFA inflation that allows for simplification and linearization of

these phenomena. It can be seen that these metrics become more
consistent upon inducing initial strain in the material.

We have confirmed that it is possible to sense and control
external contact forces when the induced working fluid volume
and pressure are known. Repeated online calibration of the
system is necessary to capture adverse effects such as air bubble
formation within the fluid-lines after the initial characterization
of the system. Consistent force sensing is then possible across
the previously defined range.

It has been shown that intrinsic force sensing in a quasi-static
configuration is possible with an average force sensing error of
0.56+0.66 N across varying loads and inflation levels. As shown,
various factors contribute to the deterioration of the force sens-
ing accuracy. Hysteresis for example causes history-dependent
deviations from the linearized volume—pressure relationship. As
the hysteretic behavior of the system is not modeled, this can lead
to errors in the prediction of the internal pressure.

A time-dependent deterioration of the steady-state response of
both the SFA and SEE force controllers is observable. One factor
which greatly contributes to a time-dependent pressure change
in an SFA is the relaxation of the utilized elastic silicone rubber
material. In some of the SFA and SEE step responses a slow
divergence from the demanded force value is noticeable. The
relaxation of the material leads to a slow decrease of measured
internal pressure in the system. This, in return, leads to an
increasing difference between estimated and true force values,
resulting in the controller slowly increasing the contact force. To
overcome this limitation, relaxation would have to be accounted
for in the SFA modeling.
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Fig. 14.

with measured fgj‘{‘ and estimated forces Agg" in z-, y-, and z-direction.

The previously described linearization of the SFA pressure—
volume relationship is another source of error. While it can
be seen that deviations from a linear trend are small for the
investigated subset of the inflation range, the mean error as-
sociated is 0.06 N. Additionally, the assumption of constant
force transmissibility for said workspace subset induces errors
of approximately 6.69%.

While a number of sources for the occurring errors are identi-
fied and discussed, further investigations have to be carried out
to determine unmodeled phenomena leading to the reduction in
force sensing accuracy. In addition to the investigated sources
for errors, the derived mapping from actuator to Cartesian space
could lead to inaccuracies when the soft robot is in a deflected
configuration. When the linear SFA undergoes deformation, the
angle of force application to the moving platform of the robot
changes, which could be a possible reason for larger errors
occurring when large forces are applied to the soft robot. Deter-
mining the force sensing error behavior under large deflections
and modeling the respective deformation of the system could
thus improve the intrinsic force sensing capabilities.

Moreover, large forces applied axially along the SFAs could
lead to compression, which is ignored in the model. This com-
pression under the kinematic constraint of the incompressible
fluid volume might result in an expansion of the internal fluid

Time-varying force levels for six trajectories, with the SEE being in straight, inflated (a-c) and in passively deformed configurations (d-f)

channel, which in return impacts the force transmission and thus
lowers the accuracy of the force estimation.

Despite the at times large deviations between measured and
estimated forces, the derived force controller is able to track
applied contact forces, particularly when the applied force acts
primarily along the main axis of the parallel SFAs.

Particularly in the context of robot-assisted ultrasound scan-
ning, which is one of the application focuses of the here-
described system, force control is important for delivering a
stable image under external disturbances, such as patient mo-
tion [25]. While force control in robotics is an established field
and systems commonly achieve higher accuracy and controlla-
bility of the contact force than our proposed solution, both in the
context of traditional rigid robotics systems [26] as well as soft
robotics [27], [28], they commonly rely on dedicated sensors.
To the best of our knowledge, no soft, fluid-actuated intrinsic
force control approach has been derived. Placing fluid pressure
sensors away from the end-effector can have profound advan-
tages in achieving low-cost, highly integrated and potentially
MRI-compatible force-sensing systems. Our future work will
aim at improving accuracy to achieve performances closer to
those in dedicated sensors, which will allow for wider adoption
and greater generalizability of the approach. For the application
of soft robot-guided ultrasound scanning, the accuracy of our
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intrinsic force controller appears to be as high as that of human
operators during manual ultrasound scanning, thus potentially
rendering our system a viable solution [29].

V. CONCLUSION

This article derived approaches to intrinsic force sensing and
control for fluid-driven soft robots. This is achieved incremen-
tally from static sensing, which had first been shown in our previ-
ous work. An investigation into the mechanical characteristics of
SFAs is provided and limitations in force sensing are identified.
It has been found that for a single actuator the external force
can be sensed with an accuracy of 0.564-0.66 N in a quasi-static
configuration. The intrinsic force sensing approach has been
applied in a closed-loop force controller for a single SFA. For
static contacts, the force can be controlled with a steady-state
accuracy of 0.4740.24 N. The controller has been expanded to
the SEE, which is comprised of three SFAs arranged in a parallel,
angled configuration. With this setup, it has been shown that
forces can be controlled along all three Cartesian axes.
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