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Position control of a soft prosthetic finger with limited feedback information

Abstract

One of the challenging research questions in soft robotics is the establishment of valid mathematical
models and control techniques under limited feedback conditions. A soft robotic system will typically
have a continuum or monolithic body seamlessly embodying its actuation and sensing elements,
accompanied by mechanical structure, and even the energy source, much like a biological system. In this
study, we propose a relay sliding mode controller based on the input - output model (RSMC-10), which is a
simple but effective control approach that does not require a complete system model, to control the tip
position of a soft prosthetic finger, which typifies a monolithic soft robotic positioning system. The
feedback signal corresponding to the bending angle of each joint of the finger is provided by highly
stretchable soft strain sensors made of a silicone (EcoFlex 0010) substrate containing channels filled
with carbon paste as the conductive component. An analytical expression between the fingertip and joint
angles of the finger is derived and experimentally verified. This expression is accurate enough to estimate
the joint positions (i.e. joint angles) as well as the fingertip. The experimental results show the efficacy of
the proposed controller, which has not been proposed for prosthetic fingers and similar soft robotic
positioning systems before.
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Position Control of a Soft Prosthetic Finger
with Limited Feedback Information*

S. Kumbay Yildiz, Member, IEEE, R. Mutlu, and G. Alici

Abstract— One of the challenging research questions in soft
robotics is the establishment of valid mathematical models and
control techniques under limited feedback conditions. A soft
robotic system will typically have a continuum or monolithic
body seamlessly embodying its actuation and sensing elements,
accompanied by mechanical structure, and even the energy
source, much like a biological system. In this study, we propose
a relay sliding mode controller based on the input — output model
(RSMC-10), which is a simple but effective control approach
that does not require a complete system model, to control the tip
position of a soft prosthetic finger, which typifies a monolithic
soft robotic positioning system. The feedback signal
corresponding to the bending angle of each joint of the finger is
provided by highly stretchable soft strain sensors made of a
silicone (EcoFlex 0010) substrate containing channels filled with
carbon paste as the conductive component. An analytical
expression between the fingertip and joint angles of the finger is
derived and experimentally verified. This expression is accurate
enough to estimate the joint positions (i.e. joint angles) as well as
the fingertip. The experimental results show the efficacy of the
proposed controller, which has not been proposed for prosthetic
fingers and similar soft robotic positioning systems before.

I. INTRODUCTION

Robotic prosthetics, despite not being a new field of
research, continues to be an important field on which a
significant amount of research has been undertaken recently.
Particularly, upper limb robotic prosthetics has gained great
potential and interest among researchers in last a few years.
Functionality, comfort and cost may be regarded as the three
common and most important aspects of prosthetics. The field
of soft robotics appears to hold the key toward realising
prosthetic structures with various functions, made entirely
from soft and smart materials. These soft robotic prostheses,
unlike their conventional counterparts, are not to be made of
rigid parts, will consequently be lightweight, require little or
no assembly and therefore, come at a lower production cost.
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The challenges of developing a soft prosthetic structure
are twofold. The first challenge involves replacing the two
key functions of such a structure, namely sensing and
actuation, with their soft counterparts. In the past decade, a
great deal of progress has been made in developing soft
sensors and actuators from electroactive polymers (EAP) to
artificial muscles (PAM) [1-3]. Change of certain electrical
properties due to the change in device geometry in response
to an applied mechanical stimulus constitutes the basis for soft
sensors [4-7]. Modelling and control constitute the other
major challenge in soft robotics [8]. Unlike conventional rigid
robots, soft robots do not have widely agreed models. The
difficulty arises from the fact that soft robotic structures, just
like the natural systems they aim to mimic or represent, can
accomplish highly complex and continuous motions, such as
bending, stretching or twisting. The lack of a well-defined
number of degrees of freedom a soft robotic body has due to
these complex movements, and that of a well-understood
model makes the control of such structures extremely arduous
[9-11].

As part of the ongoing efforts in soft robotics, we recently
conducted a comparative study on microfluidic silicone strain
sensors and reported on their fabrication and response
characterisation [12]. We also discussed their potential
employment on a soft robotic prosthetic finger. We concluded
that the combination of EcoFlex and liquid carbon black
would be preferred due to fast transient characteristics and
slightly longer durability. We put the sensors made from this
particular combination of materials to test by comparing the
sensor’s performance with that of a conceptually different,
commercially available soft strain sensor [13]. While both
sensors have similar linearity and measurement resolution
properties, the commercial sensor displays large hysteresis
due to its slow transient response, which makes the
microfluidic strain sensor preferable in soft robotics
applications, especially when the input stimuli change in a
step-wise manner. The commercial sensor has the advantage
of remaining operational for a longer period of time. In this
paper, we aim to take advantage of the results in our previous
studies and achieve an accurate position control of the tip of
a soft prosthetic finger by relying on the feedback received
from our soft sensors. A number of recent studies can be
regarded as partly relevant to our work, as they focus on
developing gloves, mainly for rehabilitation purposes, that are
used for hand gesture and posture monitoring [14-16]. Other
works such as [17, 18] concentrate their efforts on designing
and manufacturing soft robotic hands made from compliant
materials. These studies, however, do not elaborate on the
control of these structures. Some works rely on a minimal
predefined control action based on preliminary observations
[19]; others aim to obtain a more detailed mathematical model



of the robotic element’s behaviour and use a control scheme
based on feedback from external sensors such as cameras
[20].

In this study, a soft strain sensor is placed on each joint of
an underactuated 3D printed soft prosthetic finger, where the
highest strain rates are observed using the finite element
method [21]. Its joint and tip positions are extrapolated from
the sensor data as the finger is flexed and extended. The
position of the fingertip is controlled using only the feedback
from these sensors; no external sensor data is used, much like
a continuum body containing its sensors in its mechanical
structure. Since obtaining a detailed model of such a system
is not practical, we have proposed a relay sliding mode
controller based on the input — output model (RSMC-IO),
which is a simple but effective control approach that does not
require a complete system model, thus presenting a significant
advantage [22]. The contributions of this study are (1) the
incorporation of highly stretchable and durable soft strain
sensors made of carbon paste with linear response into a soft
prosthetic finger and (2) application of a simple and effective
closed-loop control strategy to a soft robotic structure with
limited feedback information.

The organisation of the paper is as follows. The
introduction is followed by a description of materials used in
this study. Section 3 summarises the experimental setup and
preliminary steps that are taken before closed-loop control is
applied. The control algorithm is also explained in this
section. The results of our experiments and the discussion of
data are presented in Section 4. Section 5 contains our
concluding remarks and elaborates on future studies.

Il. DESCRIPTION OF MATERIALS

A. 3D printed soft prosthetic finger

The soft prosthetic finger used in our experiments has a
fully compliant monolithic structure fabricated by employing
a fused deposition modelling (FDM) based additive
manufacturing method with the help of a 3D printer and a
thermoplastic polyurethane (TPU) material [21,24,25]. The
3D printer (UP Plus 2, 3D Printing Systems) uses a modified
extruder unit and customised printing parameters in order to
successfully extrude the TPU material. The design of the
finger includes flexure hinges instead of revolute joints which
allows the structure to be printed as a whole (i.e. monolithic)
from a single material and a single printing process. The
finger is an underactuated system with three degrees of
freedom and only one input, and with anthropomorphic
dimensions of a human index finger [26]. Its actuation is
accomplished by a tendon cable pulled or released by a DC
motor. Figure 1 shows the finger used in our experiments and
indicates the names of the individual joints (metacarpal
phalangeal joint - MCP, proximal interphalangeal joint — PIP
and distal interphalangeal joint - DIP) and the fingertip, which
is the main point of interest.

B. Highly stretchable soft sensors

We used highly stretchable elastomeric strain sensors that
are fabricated using Smooth-On’s EcoFlex 0010 as base
substrate and carbon paste (Carbon Conductive Grease, MG
Chemicals) as the conductive component. EcoFlex 0010 is an
extremely soft, low-viscosity two component, addition cured,

Actuating
string

Points of
interest

Figure 1. 3D printed soft prosthetic finger.

room temperature vulcanising (2 RTV) silicone rubber. The
fabrication steps of these sensors highly resemble those of the
EcoFlex sensors in [12] with the exception of channel
geometry and conductive material filled into the channels;
therefore, the details of their fabrication are not presented
here. Three identical sensors are fabricated for the
experiments. A finished sensor can be seen in Figure 2. The
total thickness of a sensor is 1 mm, the U-shaped pattern is 15
mm long, and the channels are 0.6 mm high and 1.2 mm wide.
We have recently spray coated similarly shaped soft strain
sensors with a thickness of 500 nm made of styrene-
butadiene-styrene and multi-walled carbon nanotube ink on
the same monolithic finger [27].

In our previous work, we fabricated soft strain sensors
having a strain gauge type geometry and with various
combinations of different base substrates, one of which was
EcoFlex 0010, and conductive fluids [12]. Through several
tests we observed that the sensors are capable of providing
reliable and almost linear strain measurement data. We also
concluded that EcoFlex is favourable for applications in
which the input stimulus changes at a fast rate due to its fast
response characteristics when it is both stretched and released.
In addition, the yield strength of the EcoFlex is higher in
comparison to that of the TPU material used for 3D printing
the finger. It means that the soft strain sensor does not show
plastic deformation, which directly contributes to the linearity
of the strain data. However, all sensors fabricated during this
study suffered from the same problem; the conductive liquids
were absorbed into the base substrate (silicone matrix), thus
rendering the sensors inoperable in a few hours after
fabrication. To overcome this problem, we simplified the
pattern geometry and increased its dimensions, so that the
channels can be filled with carbon paste; a more viscous
material than the conductive fluids used in the previous
studies. According to our observations, the sensors stay
operational for at least several months after fabrication, since
carbon paste does not appear to be absorbed into the silicone

matrix.

1.2 mm {72

Figure 2. A finished soft strain sensor and pattern dimensions.



I1l. EXPERIMENTAL SETUP, MODEL AND CONTROL RESULTS

A. Experimental apparatus

The soft stretchable strain sensors described in the
previous section are carefully placed onto the flexure hinges
of the prosthetic finger as shown in Figure 3. The prosthetic
finger is then mounted sideways on a stationary platform with
its base anchored on the platform. The end of the actuation
string is fixed on a translation stage which is driven by a DC
motor. As the micrometre equipped translation stage is moved
using the motor, the string is either pulled or released, thereby
flexing or extending the finger depending on the direction of
motion. The electrical responses of the sensors are recorded
by means of a basic voltage divider circuit. A DC voltage
source and a known resistor are connected in series to each
sensor and the voltage drop on the known resistors are
recorded on a personal computer equipped with a data
acquisition (DAQ) card (NI 6251, National Instruments). This
setup can be seen in Figure 4. The control algorithm used in
the applications is developed using MATLAB (The
MathWorks, Inc.) and embedded inside a Simulink model.
This model uses the Real-Time Windows Target Blockset
along with the DAQ card to receive the electrical responses
from the sensors and calculate the current position of the
fingertip. It also determines the correct control action and
applies the corresponding output voltage to the DC motor. A
high resolution camera is placed perpendicular to the motion
plane of the finger directly above the stationary plate on which
the finger is mounted and used to record the movement of the
finger during the applications. With the image processing
tools of MATLAB, images taken by the camera are analysed
frame by frame to extract the position of the points of interest,
i.e. joints and the fingertip during the preparatory stages of the
experiments as explained in the following subsection. Once
again, it is important to emphasise that information received
from the camera is not in any way used in the control strategy;
it is only used to verify the efficacy of the control algorithms.

B. Relation between sensor data and fingertip position

Before attempting closed-loop control, a preliminary data
collection cycle is needed to determine the relationship
between the information gathered from the sensors and the
corresponding fingertip position. To that end, the translation
stage is moved to 13 predetermined locations and the sensors’
electrical responses are recorded at these positions, while the
positions of the joints and the fingertip are captured with the
camera at the same time. Each position corresponds to a 3 mm
displacement of the actuating string along the y-axis; the first
7 positions lie on the forward path as shown in Figure 5a, i.e.
when the finger is flexed, and the remaining 6 are on the
backward path, i.e. when the finger is relaxed. The exact
displacement of the string is achieved with the help of the
micrometre fixed to the translation stage.

Figure 3. Side view of the prosthetic finger operating in horizontal
plane with sensors fixed on flexure hinges.

Figure 4. Measurement setup.

The resistance value of each sensor R,,; (resistance of the
sensor placed on the i joint at position p) and the change of
resistance (AR,;/R,;), are calculated for each position. Using
the image processing tools of MATLAB, the individual
positions of each joint and the fingertip on the x-y plane are
extracted from the images taken during the experiment
described above. Then the joint angles (6,;), as shown in
Figure 5b, are calculated. Note that the joint angles are not
equal to zero when the finger is at rest (8,; # 0). Therefore,
instead of finding a relation between the actual joint angles
and change of resistance values, a relation for the deviation of
the joint angles (AB,;) from their initial values is estimated
(»=0,2,..,12 and i = 1,2,3.). The change of resistance
values and angle deviations are shown in matrix form in Eq.
las

0 0 0
0 0 0 I[AR11 ARz %1
AQ = A9:11 Aé:’lz A9:13 AR :| R(:n R?z R?z | 1)
AB,; AB,, AB,; lAR_m ARpz  ARp3
Ro1 Ro2 Ro3

where AB,,; = 6,; — 6,; and AR,; = R,; — Ry;. Here, 8,; and
R,; denote the initial values of the ith joint angle and the
initial value of the sensor placed on the same joint. Note that
the angle values in each row of A® in conjunction with the
link lengths can be used to determine the fingertip position of
the finger on the x-y plane at any instance with the help of
basic trigonometry. Assuming a linear relationship between

y-axis (mm)

y-axis (mm)
8 8
—

/
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4 | i
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Figure 5. (a) The first 7 predetermined positions and (b) joint angles at
the initial (p=0, at rest) and the 5th position (p=4).



the change of resistance and the angle deviation, we can
indicate this relation with

A® = ARK, )

where K is a 3x3 matrix which can be found using the least
squares approach as

K = (ARTAR) 'ARTA® ©)

The goodness of the estimation of K is depicted in Figure
6. Figure 6a shows the fingertip positions calculated using the
values in A@, whereas Figure 6b contains both the actual
positions shown in Figure 6a and the estimated fingertip
positions which are simply calculated using the estimated
angle values that are simply found from

AB.s = ARK. 4)

According to Figure 6a, the trajectories traced by the joints
and the tip of the prosthetic finger are slightly different during
the flexing and extending phases of the finger’s motion. This,
so called, hysteresis in its behaviour is a commonly
encountered phenomenon in soft structures. Figure 6b
indicates that the matrix K provides a sufficiently accurate
estimation of joint angle deviations and thereby also positions
for the joints, as well as the fingertip.

C. Closed-loop control of the prosthetic finger

The objective of the experiments is to control the fingertip
position of the prosthetic finger on the x-y plane. The system
is considered as a single input single output system, where the
output variable is the distance of the fingertip from the MCP
joint. Note from Figure 6 that the displacement of this joint is
negligibly small; therefore, its position is considered constant
during the motion of the finger. The input variable is the
voltage applied to the DC motor which pulls and releases the
actuating string. At each sampling instant, the readings from
the sensors are used to calculate the joint angles, which are
then used to calculate the distance of the fingertip from the
MCP joint, i.e. the output. Depending on the set-point chosen
by the designer and the current position of the fingertip, the
control algorithm calculates the necessary control action to the
DC motor.

The control scheme we chose for this study is the relay
sliding mode control based on the input-output model (RSMC-
10) [22, 23]. RSMC-IO is an easy to apply, yet very effective
robust control method proposed for relay controlled systems.
The objective is to force the relay element to operate in sliding
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Figure 6. Goodness of the position estimation: (a) Actual joint and
fingertip positions, (b) actual and estimated values using K.

mode in order to obtain a robust control performance against
parameter variations and disturbances. While SMC methods
are traditionally defined in state-space, RSMC-IO is
formulated using the input-output description of the system;
therefore, it can be applied without the need to know or
measure the system states. Moreover, a complete system
model is not necessary; the only a priori knowledge required
is the relative degree of the open-loop transfer function. Figure
7 shows the block diagram of a single variable relay system
where G(s) is the transfer function of the open-loop system
and M(s) is the transfer function of the desired model.
w, e, u and y represent the set-point (or reference signal), relay
input (also referred to as the error), control input and closed-
loop system output, respectively. @ denotes the system's output
filtered with the inverse of the model. s is either the differential
operator (d/dt) or the Laplace operator depending on the
context. The relay element is assumed to be symmetric and
ideal with the amplitude r. The control law is given by

r, e=0
-1, e<0’ Y

The necessary and sufficient condition for sliding motion
to occur in this system is given by the inequality

ee<0 (8)

which basically means that, when the relay input e crosses the
threshold (e = 0), it immediately recrosses it, resulting in
sliding motion. The system is then said to operate in sliding
mode and the closed-loop system output will only be governed
by the reference model.

u = rsign(e) = {

e=w—-M1ly=0 =y=Mw 9)

It is important to point out that the loop transfer function of
the system shown in Figure 7 must satisfy the condition

rel(M™1G) =1 (10)

for sliding motion to occur, where rel indicates relative
degree. Eq. 10 indicates that the relative degree of the system
to be controlled needs to be known to adjust the relative degree
of the loop transfer function by choosing a reference model of
appropriate order. Note that, relative degree is the difference
between the degree of the denominator polynomial and the
degree of the numerator polynomial of the transfer function.
One way of determining the relative degree of a system,
whether it is linear or nonlinear, is to obtain its open-loop
response to a non-zero step input first and then find the number
of times the output expression has to be differentiated until the
input appears in the expression of the differentiated output. In
order to determine the relative order of the system indicated as
G (s) in Figure 7, we examined the individual responses of the
sensors placed on finger joints. Figure 8 shows the resistance
changes of each sensor as a result of a square wave shaped
input. The output of a system with a relative order of 1 has a
nonzero slope at the time of the step input. Clearly, this is the

¥ U G(s) Yy

M'(s)

Figure 7. A relay controlled system.



case with all three sensor responses seen in Figure 8. To further
prove this claim, each graph in Figure 8 also contains the
response of a linear parametric model of relative order 1,
estimated using a recursive least squares approach, indicated
with red dashed lines. The parameters of these models are not
provided here, since the models themselves are not needed in
the control algorithm, only the relative order is of interest. In
brief, we can conclude that each sensor response can be
represented by a transfer function with the relative order 1.
Since the distance of the fingertip is a linear combination of all
three sensor responses, the overall open-loop system G(s) can
also be represented by a transfer function with the relative
order 1. Since rel(G) = 1, Eq. 10 is satisfied without the
inclusion of a reference model in the algorithm (i.e. M(s) =
1), meaning that the output is required to follow the reference
position without any other specifications regarding its
transient characteristics. The relay amplitude r is chosen as 10,
which is the maximum voltage that can be supplied by the
DAQ card without applying external amplification. The
discontinuous nature of the control leads to a phenomenon
known as chattering which causes undesired effects such as
low control accuracy and wearing of system elements and
parts. In theory, the relay is assumed to switch at an infinite
rate, causing no chattering. In practice, the frequency of
switching is determined by the choice of the sampling interval.
The sampling interval needs to be determined by taking into
account the physical constraints on the actuator, in this case
the DC motor. A sampling interval of 0.5 s is chosen, as the
DC motor cannot respond any faster, so it is a restriction
caused by the actuator which is used in an on-off fashion to
mimic a relay element.

IVV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 9 presents the results of the closed-loop position
control experiments with the prosthetic finger. Figure 9a
shows the reference (dashed line) and actual distance (solid
line) of the fingertip which is calculated based on the feedback
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Figure 8. Responses of soft sensors and fitted models.

from the soft strain sensors that are placed on the finger joints.
The control input and the error are shown in Figure 9b and
Figure 9c, respectively. The change of resistances of
individual sensors are plotted in Figure 9d. Figure 9a shows
that the output appears to reach and then follow the set-point
well without an overshoot. Here, it is worth reemphasising that
the output signal is calculated from the sensor data using Eq. 6
and the forward kinematic model of the finger shown in Figure
5a. Our observations indicate that the variation between this
signal and the actual fingertip position observed through the
camera above is within the range of (2 mm), resulting in an
acceptable control accuracy. Figure 9b shows that the system
enters and continues to operate in sliding mode, i.e. the control
input oscillates between the minimum and maximum relay
amplitudes at a high frequency. It is said that the relay element,
in this case the DC motor, is operating in sliding mode. This
can also be observed by investigating the error in Figure 9c.
Note that during sliding motion, the error e is a signal with
high frequency and low amplitude oscillating around zero. The
only times sliding motion ceases is when the set-point
changes; however, as soon as the output reaches the set-point,
sliding motion is achieved again. Recall that the only feedback
in this control system is provided by the soft sensors on the
joints of the prosthetic finger. According to Figure 9d, the
sensor placed on the MCP joint undergoes the most severe
deformation; when the finger reaches the lowest set-point,
there is almost a 200% increase in the sensor’s resistance,
whereas for the other two sensors this value remains below
100%. The higher deformation level of the MCP sensor is also
thought to contribute to higher noise levels observed in its
output.

V. CONCLUSION AND FUTURE STUDIES

We have presented an effective methodology for the
closed-loop control of the tip position of a soft prosthetic
finger, representing a soft robotic system. The control scheme
runs on the feedback data received from soft strain sensors
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Figure 9. Closed loop control of the soft robotic prosthetic finger.



placed on the joints of the prosthetic finger; no other physical
feedback is utilised. Unlike traditional SMC strategies, the
proposed controller is formulated using the input-output
description of the system; eliminating the need to know or
measure system states. Moreover, a complete system model
is not necessary; only the relative degree of the open-loop
system is needed. This is a significant advantage for soft
robotic systems, for which it is not straightforward to
establish a valid mathematical model.

The soft strain sensors are composed of channels trapped
between two thin layers of a commercially available silicone
compound. Resistance measurements provided by the sensors
enable us to calculate each joint’s angle and thus the position
of the fingertip. While the fabrication technique used in this
study is very similar to that in our previous studies, the
channel geometry of the sensors is different. Moreover, a
different material, carbon paste, is used as the filling material
to provide the electrical properties of the sensors. The sensors
in this study did not show any signs of the liquid absorption
problem we reported on previously. In order to fill the
channels with carbon paste, the channel dimensions were
increased and the complexity of the channel geometry was
reduced. Note that, while the change in the channel geometry
is somewhat compromising the sensor’s measurement
resolution, it dramatically improves the repeatability of its
operation and thus the sensor’s usefulness.

The experimental setup enables us both to collect open
loop data to establish sensor characteristics and run a closed
loop control algorithm and display current progress on a
computer screen. As expected from our previous studies, our
experiments have shown that the readings from the sensors
placed on the joints vary linearly with respect to joint angles.
This linear relation is utilised to interpret the current position
of the tip of the prosthetic finger. The results regarding the
control phase indicate that our approach provides a feasible
control for the fingertip position. The fingertip moves to
desired positions within reasonable margins each time a new
set-point is provided by the user. Using RSMC-10, we were
able to obtain a successful control performance without a
detailed mathematical model representing the system.

Our future efforts will focus on improving the overall
control performance of the soft robotic prosthetic finger by
refining the current control algorithm and exploring various
other control strategies, and comparing their performances
with current. Ultimately, we will apply our findings to the
position control of individual fingers of a complete soft
robotic prosthetic hand. Towards that aim, we will continue
to work on the design of the soft strain sensors, as well as
testing different material combinations and the sensors’
placement on the finger joints. Improving the overall sensing
capability will fundamentally result in a better control
accuracy.
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