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Abstract—The working principle of a SEA is based on
using an elastic material connected serially to the mechanical
power source to simulate the dynamic behavior of a human
muscle. Due to weight and size limitations of a wearable
robotic exoskeleton, the hardware design of the SEA is
limited. Compact and lightweight SEAs usually have noisy
signal output, and can easily be deformed. This paper uses a
compact lightweight SEA designed for exoskeleton gloves to
demonstrate immeasurable strain and friction force which can
cause an average of 34.31% and maximum of 44.7% difference
in force measurement on such SEAs. This paper proposes two
data driven machine learning methods to accurately calibrate
and control SEAs. The multi-layer perception (MLP) method
can reduce the average force measurement error to 10.18%
and maximum error to 29.13%. The surface fitting method (SF)
method can reduce the average force measurement error to
8.06% and maximum error to 35.72%. In control experiments,
the weighted MLP method achieves an average of 0.21N force
control difference, and the SF method achieves an average
of 0.29N force control difference on the finger tips of the
exoskeleton glove.

Index Terms— Tactile sensor, SEA calibration, exoskeleton glove.

I. INTRODUCTION

A. Exoskeleton and Tactile Sensors

CLOSE to 19.9 million people in the U.S. suffer from
hand-related disabilities and have difficulty grasping

objects for day-to-day activities [1]. Building an affordable
robotic exoskeleton glove that can help these individuals
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perform grasping-related tasks regularly encountered in their
daily lives could significantly improve their quality of life.

Lee designed and integrated the iSAFER glove using rigid
linkage and cable transmission with two force-sensitive resis-
tors (FSR) on both the fingernail and finger pad side to adapt
to the contact angle change [2]. However, FSRs suffer from
issues related to repeatability [3]. There are over ±50% errors
on random raw data of FSR force sensors.

Ma, et al. designed a robotic exoskeleton glove using rigid
actuators and side-mounted strain gauges as a tactile sensor
to perform force control [4]. The advantages of using strain
gauges include comfort and their compact size. However,
this method requires calibration for each user to achieve an
accurate result.

Diez, et al. proposed a novel design of a robotic exoskeleton
using an optical force sensor as a tactile sensor, which resolved
the accuracy problem when using FSRs [5]. This approach
could be a great solution, except that the sensor’s size is too
large for an exoskeleton glove application.

B. Series Elastic Actuators
Using Series Elastic Actuators (SEA) may be a practical

option for a high accuracy exoskeleton glove after reviewing
the previous methods. The original SEA design was proposed
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Fig. 1. Series elastic actuator working principle flowchart.

by the MIT Artificial Intelligence Laboratory in 1995 [6].
In the original design, a torsion spring is connected in series
between the output shaft of an electric motor and the SEA
output shaft. The output force is calculated by measuring
the angle of twist in the torsion spring. Compared to rigid
actuators, advantages of using SEAs include accurate force
sensing and wider control bandwidth. Springs provide more
linear and repeatable force-sensing than FSRs. Springs can
also act as low-pass filters to filter out the high-frequency
motion, reducing the control speed leading to wider control
bandwidth. The structure and force calculation of SEAs is
explained in Fig.1. Following the original SEA design, a wide
variety of SEAs have been used in robotic exoskeletons.
Kim, et al. designed hydraulic SEAs to be used in exoskeleton
assisted walking, and sit-to-stand (SIT) motions [7]. Kar-
avas, et al. designed electric SEAs for joints used in lower
limber exoskeletons [8]. Those designs provide accurate force
control and high output force. However, those designs required
large hydraulic or electric power sources with metal housings
and output shafts. The main challenges of applying the SEAs
mentioned above to a robotic exoskeleton glove are the size
and weight.

Work done in previous research built several lightweight,
compact SEAs for robotic exoskeleton gloves to reduce the
size and weight. The primary purpose of using SEAs on an
exoskeleton glove is as tactile sensors to provide accurate force
measuring. Proper force measuring on fingertips using SEAs
requires high rigidity of the elastic material’s exoskeleton and
low stiffness. High rigidity usually leads to bulky designs, and
low stiffness will restrict the maximum output force. Most
of the previous research either suffered from inaccurate force
feedback due to the deformation of the exoskeleton or deficient
force output that cannot fulfill user needs.

Force calibration is essential for performing force feedback
control with SEAs. The feedback control will not work without
calculating the correct amount of force generated by the SEA.

This paper proposes a method to calibrate and design a
control scheme for compact, lightweight SEAs using multi-
layer perception (MLP). Implementing the MLP method is
then compared against those found using a surface fitting (SF)
approach, which is considered a commonly used technique.
After calibration, these SEAs can be used as accurate tactile
sensors on a robotic exoskeleton glove. The calibration meth-

Fig. 2. Five existing examples of SEA and Exoskeleton Glove:
A) An index finger exoskeleton with series elastic actuation for reha-
bilitation [9]. B) Series Elastic Transmission hand exoskeletons [10].
C) A wearable and force-controllable hand exoskeleton system [11].
D) A general purpose robotic hand exoskeleton with series elastic
actuation [12]. E) A robotic glove system for patients with brachial plexus
injuries [13].

ods proposed in this paper can be easily applied to SEAs with
similar structures.

II. LITERATURE REVIEW

Researchers have been working for years to develop SEAs
for exoskeleton gloves.

Bianchi, et al. proposed a novel design of a titanium alloy
exoskeleton glove with SEA using elastic material with very
high stiffness [10]. This design is shown in sub-figure (B)
of Fig.2. The exoskeleton can output 20N of force on each
fingertip. There are three main disadvantages with this design.
First, due to the high force output of the SEA, the size of the
motor used on such SEA needs to be powerful, but large in
size. The size of the exoskeleton limited the number of motors
that can be used. The design coupled the middle, ring, and little
finger into one motion to keep the design compact. However,
those design features reduced the degrees of freedom (DOFs)
of such gloves. Second, the use of a high stiffness elastic
material makes the goal of accurate force measurement much
more challenging to achieve. Instead of using a normal spring-
like SEA, this design used a very high stiffness elastic material.
The elastic material has a stiffness constant of 58 N/mm.
This paper does not propose a valid control structure for
high stiffness force feedback control. Third, the titanium alloy
needed to meet the rigidity requirements brought on by using
a high stiffness elastic material significantly increases the cost
to manufacture such an exoskeleton.
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Fig. 3. The construction of the SEA and exoskeleton used in this research.

Agarwal, et al. designed a cable-driven exoskeleton with
rigid linkage using two SEAs on each finger [9]. This previous
design is shown in sub-figure A of Fig.2. Force control used
in this previous research has about 10% error and can output
0.3Nm peak torque on each SEA output joint. The main
issues with this design are the size and weight. To output
0.3Nm torque to one finger requires the use of two large
RE-Max 29 motors. The user needs to carry the power source
(motor, motor pulley, battery), which dramatically reduces
mobility.

Jo, et al. designed a compact linear SEA for use in robotic
exoskeleton gloves [11]. This design is shown in sub-figure C
of Fig.2. Accurate force control is achieved with a linear-
quadratic (LQ) tuned proportional-derivative (PD) controller
to control the distance and a disturbance observer (DOB) to
model the uncertainty. However, the spring constant is very
low (0.343 N/mm), which results in a maximum output force
of 9N to the SEA output shaft. In contrast, a normal healthy
20-29-year-old male can output a maximum of 450N on all
fingers, which is about 90N on each fingertip [14].

Refour et, al. designed a compact linear SEA for robotic
exoskeleton gloves, which can output 20N on each finger-
tip [12]. This design is shown in sub-figure D of Fig.2. One of
the main issues with this design is force accuracy. According
to the author, the SEA experiences 2-3N of output force error.
This error is measured at the SEA output shaft, which does not
include the error caused by the linkage mechanism itself. Due
to the unaccounted deformation of the plastic SEA housing
and thin aluminum linkage, the force output on the fingertips
may be inaccurate. Because of the inaccuracy in force output
on the fingertips, it may not be effective to sacrifice the SEA’s
space over FSRs.

Xu, et al. proposed a low-cost, compact, lightweight SEA
used in the RML exoskeleton [13]. This design is shown
in sub-figure E of Fig.2. This SEA has a high force output
of 40N at the SEA output shaft and 20N at each fingertip.
This size is desirable for exoskeleton applications. However,
this SEA suffered from rigidity and accuracy problems which
affected many of the other designs discussed previously. It uses
thin aluminum linkages with 3D printed plastic motor output
shafts and housing. Due to the high output and low rigidity,

the linkage motor output shaft on the SEA will deform.
This deformation causes the force output of the SEA to be
non-linear in relation to the strain of the elastic material in
the SEA.

III. SEA FORCE MODELING

This paper uses the SEA design presented in Xu, et al.’s
paper [13] as an example. This SEA is compact, lightweight,
low-cost, and provides sufficient force output(Maxium 20N on
fingertips). However, it exhibits noisy sensor reading, hard-to-
measure friction force, a back drive-able motor, and deform-
able linkages and SEA housing. These characteristics make
this SEA a good candidate to demonstrate the difficulty of
using traditional kinematics model-based calibration. The SEA
and exoskeleton overview is shown in 3. The index finger SEA
is used as an example to demonstrate the force calculation.

A. Series Elastic (SEA) Actuator Construction
The compact, lightweight SEA built for the RML glove

consists of a linear actuator and a linkage. Force on the
fingertips can be measured when these two parts are com-
bined. The first part is a regular elastic linear actuator with
motor, gearbox, lead crew, lead nut, spring, and output shaft.
The second part is an aluminum linkage that transfer force
from the linear actuator’s output shaft to the fingertips. Both
parts are described in the linear SEA portion of Fig.3.

B. SEA Force Calculation
The index finger SEA is showed in Fig.4. Theoretically,

when the SEA is not moving, the force can be calculated by
Eq.1. The encoder can sense the distance between DE and the
potentiometer can sense � ABC . CB and CE are constant and
can be directly measured. δls can be calculated by Eq.2. F f a

and F f l can be compensated for with a constant value during
force calibration. Rl is a variable that changes as the linkage
angle changes. The ratio varies for different force measuring
methods. This ratio is discussed in the following section.

Ft = (δls × ks − F f a) × Rl − F f l (1)

δls = cos( � ABC) × C B − (DE − C E) (2)
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Fig. 4. SEA force calculation legend.

Ft − force on linkage tip, perpendicular to the last linkage
δls − spring compression
F f a − friction force of actuator
Rl − SEA to linkage force transformation ratio
F f l − friction force of linkage

C. Encoder
A 12 CPR Pololu quadrature magnetic encoder is attached

to a 12v Pololu micro-gear motor paired with a 380:1 gearbox.
The lead screw has a distance (mm) to revolution ratio of 20:1.
The actuator shaft movement δDE in millimeters can be
calculated by Eq.3.

δDE =
Rld
Rg

Ncpr
× Nenc =

20
380

12
× Nenc

� 0.00438596 × Nenc (3)

δDE − displacement of DE measured in millimeters
Rld − distance to revolution ratio of lead screw, 20mm:

1rev
Rg − output shaft to input shaft radio of gearbox, 380:1
Ncpr − count per revolution of encoder, 12
Nenc − encoder count

D. Angular Potentiometer
A 15 to 345-degree angular potentiometer is placed on the

linkage to measure the linkage angle. Such potentiometer is
read through a 3.3v 12 bit ADC bus. This potentiometer’s
voltage is increased to 20.5v for better resolution. Due to
the voltage, the effective range can be calculated using Eq.4.
A 20 degrees mechanical offset is introduced to avoid over-
voltage damage to the micro-controller. � ABC is calculated
by Eq.5.

E Rpot = Vadc

Vs
× Rpot = 3.3

20.5
× 330◦ � 53.12195◦ (4)

� ABC = E Rpot

Readc
× Pot − � O + � S

Fig. 5. A) Horizontal mounted load cell used for force measurement,
B) Vertical mounted load cell used for force measurement.

� 53.12195◦

212 × Pot − 20◦ + 15◦ � 0.012969

× Pot − 5◦ (5)

E Rpot − effective measuring range of potentiometer
Vadc − adc bus reference voltage, 3.3v
Vs − source voltage of potentio eter, 20.5v
Rpot − measuring range of potentiometer, 330 degrees
Readc − adc resolution, 12bit, 4096
Pot − raw potentiometer adc reading
� O − potentiometer offset angle, 20 degrees
� S − potentiometer start angle, 15 degrees

E. Force Measurement
Force measurement is usually performed using a load cell.

However, measuring force directly from the linkage end can be
complicated as it is difficult to place the load cell perpendicular
to the last linkage. In this research, the force is measured
by two different load cells placed at a different location to
accommodate the linkage at different angles. The mounting
position is shown in Fig. 5. The force measured at the linkage
end is transformed back to the actuator output shaft through
inverse kinematics.

F. Linkage Force Transformation Ratio
The linkage design is based on [15]’s optimization. The

linkages force transformation ratio (Rl) is critical for calculat-
ing the fingertips’ force. When the last linkage’s contact angle
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Fig. 6. A) Small angle linkage transformation B) Large angle linkage
transformation.

is less than 90 degrees, the load cell is mounted horizontally.
When the last linkage’s contact angle is more than 90 degrees,
the load cell is mounted vertically. The relationship between
angle and the linkage force transformation ratio (Rl ) is shown
in Fig.6. The horizontal linkage force transformation ratio is
described as a fifth-order equation (H f it ), and the vertical
linkage force transformation ratio is described as a second-
order equation (V f it ). The combined equation is shown in
Eq.6.

Rl =
{

H f it if 5◦ ≤ � ABC ≤ 16◦

V f it if 16◦ < � ABC ≤ 28◦ (6)

IV. CHALLENGES WITH SEA FORCE CALIBRATION

Based on the previous section, the force output of the SEA
should be easy to calculate. PID position control is used to
drive the SEA. The calculated force is compared with the
measured force from a load cell.

Theoretically, the measured force and calculated force
should be similar. However, when testing the SEA, the mea-
sured force and calculated force have up to around 45%
difference in value. There exist two major problems that the
previous research has not addressed: friction and deformation,
which are discussed in the following subsections.

A. Friction Force on the Actuator
The spring constant of the spring used in this SEA is

4.2 N/mm. Using the traditional SEA force calculation that
the previous researchers used, the output force should match
the calculated force without the linkage affecting it. However,
the experimental result in Fig. 7 showed that the measured
force was generally lower than the calculated force because

Fig. 7. Difference of the output force and measured force due to friction.
Measured friction force is 2.7N (0.68mm spring compression).

there exists a large amount of frictional force that affects the
output force.

B. Combined Friction Force of the Linkage and the
Actuator

The friction force has a significant impact on the output
force. This experiment is to find the combined friction force
caused by the linkage and the actuator. During this experiment,
the SEA with the linkage is actuated against a load cell at
various angles. The measured compression from the SEA will
increase, but the load cell’s reading remains zero. The load
cell’s reading will not be zero when the applied force is greater
than friction force, and the measured compression represents
the amount of friction force. Fig. 8 shows that the friction
force varies at different angles.

C. Actuator Shaft and Linkage Deformation
Theoretically, if the friction force is calibrated at a different

angle, the commanded output force should match the measured
force. However, the measured force was still significantly
smaller than the commanded force.

The difference is due to two parts on the SEA deforming
when force is applied. The resulting strain reduces the force
output to the fingertips. In Fig.9 part A, the actuator output
force is measured without the linkage attached. The encoder
reading remains the same, but the force starts to decrease.
In part B, the calculated force is calibrated for the measured
friction force. However, there exists over 48% difference
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Fig. 8. Different friction force measurement at different angles. A) Friction
is 2.1N (0.51mm spring compression), B) Friction is 2.4N (0.57mm spring
compression), C) Friction is 4.45N (1.06mm spring compression).

Fig. 9. Force measurement error caused by deformation A) Incon-
sistency in force measurement caused by actuator shaft deformation,
B) Force measurement error caused by linkage deformation.

between the measured and computed force. This experi-
ment also showed that the difference increases as the force
increases.

V. FORCE CALIBRATION

Upper part in Fig.10 shows the kinematics calculation of
traditional force feedback control. According to experiments
in the previous section, sensor readings, spring compression,
and linkage transformation ratios are marked as yellow, which
means that these parts will have a small error due to sensor

noise. Newton’s Second Law of Motion is marked in blue,
indicating that it can be ignored due to the small mass of
the moving parts. The friction force and forces caused by the
deformation from the linkage and actuator output shaft are
difficult to measure. Thus, these are marked as immeasurable.
When combined, the error from sensors and immeasurable
values create a large error in the feedback force.

To solve this problem, the linkage and actuator need to be
viewed as a whole system and calibrated using a data driven
machine learning method based on load cell measurements.

A. Multi-Layer Perception Approach Force Predictor
A multi-layer perception model is used to predict the output

force based on the sensor reading. The network is shown in 10.
Except for the friction force and deformation of the actuator
shaft and linkage, the model will also take acceleration and
speed into consideration. The friction force has a different
direction while moving, and might be different under different
speeds and accelerations. Thus, the network has nine inputs,
including the raw potentiometer reading, the raw encoder
reading, the calculated spring compression, and the above
variables’ speeds and accelerations.

B. Network Tuning and Lost Function Selection
The calibration network is adjusted using hyper-parameter

tuning. The hyper-parameter tuning is focused on finding the
best layer, number of nodes, and cost function combination.
Two standard cost functions are compared.

The mean absolute error (MAE) is shown in Eq. 7. The
error measures the absolute difference between the prediction
and measured value. In this case, the difference means the
difference in force.

E = 1

n

n∑
j=1

|y j − ŷ j | (7)

The mean squared error (MSE) is shown in Eq. 8. The error
measures the square of the difference between the prediction
and measured value. This method punished outlier data more
than the MAE error.

E = 1

n

n∑
j=1

(y j − ŷ j )
2 (8)

VI. FORCE CONTROL

When controlling the SEA, traditional force feedback con-
trol will not work well due to the low control frequency.
In a compact design mentioned in Xu, et al.’s [13] paper,
the onboard micro-controllers run ten threads and control
seven different SEAs, which means it does not have the
computational power to run the prediction network. Cloud
computing is required for prediction networks, but the delay
in cloud computing restricts the control speed. The control
frequency is set to 10Hz due to the limitation of wireless
connection over Bluetooth. The control is divided into two
parts: A high-level spring compression predictor based on
force sensor readings and a low-level compression controller.
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Fig. 10. Inaccurate kinematics calculation can be replaced by data driven
machine learning method to improve accuracy.

A. Low-Level Control Method and Control Margin
The low-level PID spring compression control runs on the

micro-controller. This low-level controller can ensure accurate
control of the spring compression and SEA position. This low-
level controller is also used as a safety feature to ensure that
the motor works correctly even when the wireless connection
is cut off.

The SEA used in this research has a noisy sensor reading
due to an analog sensor. The reference voltage fluctuates a
little bit, causing a loud sensor reading. Using a noisy angular
potentiometer directly as the low-level control input will cause
the compression reading to oscillate as the potentiometer
reading fluctuates.

The DC motor used in this research has a maximum speed
of 32,300 RPM with a low-resolution 12-bit CPR encoder
attached to the motor shaft. Twenty encoder counts are equiv-
alent to 0.1 mm in linear actuation. A 0.1 mm difference
is equivalent to around 0.5N output force from the actuator
output shaft. The requirement of accuracy in motor control is
very high.

The position control of the motor is separated from the
potentiometer reading to solve the fluctuating sensor reading.
The control structure is described in Fig.12. The PID motor

Fig. 11. Flowchart demonstrates feed forward SEA finger tip force control
using multi-layer perception compression prediction.

position control runs at 100Hz to ensure accuracy, while
the averaged potentiometer reading is updated at 10Hz. The
control margin is set to 0.1mm compression difference to avoid
oscillation.

B. High Level Multi-Layer Perception Compression
Predictor

This compression predictor is modified based on the force
calibration network. The network has seven inputs, including
the raw potentiometer reading, the raw encoder reading, com-
pression, the speeds and accelerations of the above variables,
and the desired force. The network is trained using the same
data used for calibration and is tuned using a hyperpara-
meter tuning method. This network can predict the desired
compression based on the current data. However, due to the
different linkage angles and friction force, the predicted data
is not accurate. New data is fed into the predictor to update
the predicted compression. The desired compression is sent
to the low-level compression controller to perform accurate
compression control.

C. Weighted Input Compression Predictor
In the real world, these input data fields do not weigh

equally. The desired force has a more significant impact on
the compression, and the angle and SEA travel distance have
less impact. The acceleration and speed have a low effect on
the compression. The input can be weighted to increase the
accuracy and robustness of the model. The weight of each
factor can be taken as a tuning parameter.

VII. SURFACE FITTING

To compare the performance of the multi-layer percep-
tion (MLP) approach, a commonly used, low computational
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Fig. 12. Micro-controller level compression control structure flowchart.

cost surface fitting approach is used as a comparison method
for calibration and control.

A. Calibration
For calibration, the inputs are angle and compression,

and the result will be the output force. The advantage of
this approach is the low computational cost. This method is
suitable for calibrating multiple SEAs in parallel on one micro-
controller. The disadvantage is that the speed and acceleration
are not taken into consideration which might affect accuracy.
When moving in different directions, the friction force also
acts in different directions. This method does not consider
friction force direction. This method does not use as much
computational power as the MLP approach by having fewer
inputs and only third-order linear regression. As a trade-off,
the accuracy might be lower.

B. Control
For controlling the SEA, this method can be used as a direct

substitute for the high-level multi-layer perception approach,
while the low-level control remains the same. Instead of
running on a separate computer and sending results back to the
micro-controller through a wireless connection, this method
can run on the micro-controller itself.

VIII. EXPERIMENTS AND RESULTS

A. Data Preparation
The data is collected using a load cell. As described in the

previous force measurement section, two load cells measure
force in different directions, and as such there are two differ-
ent reference force values based on two different directions.
The measured data must be pre-processed to be suitable for
training. We transform the force at the fingertip back to the
SEA output shaft using the linkage transformation ratio. The
force at the SEA output shaft is used as the reference value.
This value includes the deformation of the linkage, SEA output
shaft, and fiction force. Using this model, we can assume that
the system is ideal where no friction and deformation need to
be considered.

Fig. 13. Surface fitted model (MAE) used for finger tip force calibration.

TABLE I
SEA FINGER TIP FORCE CALIBRATION RESULTS

For example, the force output of a SEA is 10N, while 5N of
that is lost in transmission. Thus, the net output force is 5N.
After calibration, the result will show that the output is 5N, and
it can be assumed that there is no loss in force transmission
to the fingertip.

The data set used for training contains 10,400 data points,
and the test data has 2,416 data points collected using two load
cells. Both the test and training data-set include data collected
from 12 different contact angles. We have also collected
validation data-set at a randomly selected angle with 140 data
points to verify the performance.

B. Force Calibration Results
The surface fitting (SF) model is shown in Fig.13. The

fitting used a 3rd order polynomial, and most points are fitted
to the surface. This graph shows that the force output is not
entirely repeatable. There exists a small amount of error in the
force output, even with similar angles and compression.

For multi-layer perception approach (MLP), the hyper-
parameter tuning result of each loss function is shown in
Tab. I. For the mean absolute error (MAE) loss function,
the optimal network has three layers, and each layer has
8,16,32 nodes. For the mean square error (MSE) loss function,
the optimal network has two layers, and each layer has
16,32 nodes.

The result of the multi-layer perception (MLP) model is
compared with the surface fitting (SF) method over the testing
data-set. The results are shown in Tab. I. For the MLP method,
using MSE loss function has 22% performance gain over the
SF method. When using MAE loss function, the SF is 72.5%
more accurate. The MSE loss function of MLP and MAE of
SF is selected to do further comparison.

Fig.14 shows a demo of the force prediction using the above
two methods over validation data-set. The MLP method using
MSE loss function has a better fit under 15N, while the surface
fitting has a better fit over 15N.
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Fig. 14. Force calibration demo on validation data-set.

TABLE II
AVERAGE FORCE CONTROL ERROR AND AVERAGE SETTLING TIME

Fig. 15. Surface fitted SEA finger tip force control model (MAE) used
for force control.

TABLE III
SEA FINGER TIP FORCE CONTROL RESULTS

C. Force Control Results
The surface fitting model is shown in Fig.15. The fitting

used 3rd order polynomial, and most points are fitted on
the surface. This model describes the relationship between
compression, force, and angle.

The weighted MLP approach result is shown in Tab. III.
For the MAE loss function, the optimal network consists of
two layers, and each layer has 8,16 nodes. For the MSE loss
function, the optimal network consists of two layers, and each
layer has 8,16 nodes.

The weighted multi-layer perception model result is com-
pared with the surface fitting method’s result over the testing
data-set. The results are shown in Tab. III. For the weighted
MLP method, using both MAE and MSE loss function gives
better accuracy than the SF method. Weighted MLP method

Fig. 16. Force control simulation using validation data-set.

Fig. 17. Force control result using real SEA.

using MSE loss function has 51.4% perform gain over the
surface fitting method using MSE loss function. The MLP
method using the MAE loss function has a 20.9% performance
gain over the SF method using MAE loss function. Thus,
we select MSE as the optimal loss function due to higher
performance gain over SF method. MAE loss function is
selected for SF method due to less performance difference
compare to weighted MLP method.

Fig. 16 shows a simulation of force control using the
validation data-set with the above two methods. This simu-
lation used measured force to predict the desired compression
and compared the predicted compression with the measured
compression. The MLP method has a better fit for low
compression, while the SF method fits better under higher
compression.

Fig. 17 shows the weighted MLP prediction control per-
formance vs. the surface fitting control in the real world.
The tests are performed at 10 degrees. The output force
on the SEA output shaft is set to 5N, 10N, and 15N. The
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desired force on the fingertip is calculated through the linkage
transformation ratio. The actual applied force is measured
using a load cell. The result shows that the MLP approach
has a slightly more accurate force output. The MLP approach
has an error within 0.3N, while the SF method has an error
within 0.6N. These experiments show that the force control
worked as expected when applied to real hardware.

The settling time increases as the output force increases
due to longer actuation time. Each control method is used
to output 5/10/15N force at ten different contact angles. The
linkage starting angle will be at 5 degrees. The settling time
is measured when the linkage comes in contact with the load
cell and ends when the output reaches 0.3N and 0.6N error
bound. The settling time and force error for different angles
is averaged and shown in Tab.II.

The force control curve is not so smooth as expected due to
the angle measured by the potentiometer being slightly larger
than the actual value due to the moving motor’s voltage drop.
It takes time to drop back to a stable reading and this causes
a fluctuation in the reading.

IX. CONCLUSION

This paper proposed two methods to control and calibrate
a compact, lightweight linear SEA used in an exoskeleton.

This paper showed that friction force and linkage defor-
mation can cause an average of 34.31%, and a maximum
of 44.7% difference in force measurement on the compact,
lightweight SEA used in the RML glove. These findings
can be applied to most exoskeleton gloves that require force
transformation from the SEA to the fingertips. Calibration
is necessary for any compact, lightweight SEA used in an
exoskeleton glove. This paper proposed two methods for
calibration and control of the compact, lightweight SEA.

In calibration test, when using MSE loss function and the
test data-set, the MLP method is 22% more accurate. When
using MAE loss function, the SF is 72.5% more accurate.
When the test is conducted using the validation data-set,
both methods show similar performance. MLP method has
a slightly higher average difference but smaller maximum
difference. Both methods are over 65% more accurate than
kinematics calculation calibration. The performance compari-
son of both method on validation data-set is showed in Tab. IV.

In force control test, the MLP method is more accurate using
both MAE and MSE loss function. When using MSE loss
function, MLP method is 51.4% more accurate. When using
MAE loss function, MLP method is 29.1% more accurate.
When tested using a validation data-set, MLP method has
a slightly higher average difference but smaller maximum
difference. In real world testing with the SEA hardware,
the MLP method shows 27.5% less average force error than
the SF method. However, SF method costs 84.6% less aver-
age settling time than the MLP method. The surface fitting
approach can run on a micro-controller due to its simplicity.
The performance comparison of both methods on validation
data-set is showed in Tab. V.

Both methods have decent accuracy and acceptable settling
time. For applications which do not require low settling time
and have ample computational power, the MLP approach is

TABLE IV
FORCE CALIBRATION PERFORMANCE COMPARISON

TABLE V
SEA FORCE CONTROL SIMULATION PERFORMANCE COMPARISON

slightly more accurate. The surface fitting method is suitable
for micro-controller applications, where computational power
is limited. The surface fitting method is also ideal for appli-
cation where controlling speed is critical.

X. FUTURE WORK

There are three aspects of this research that can be further
improved.

First, a high dimension non-linear fit might have a more
accurate result over the linear surface fitting approach. This
approach might not be as accurate compared to the MLP
approach but might be faster.

Second, the training data-set only had around 10,000 data
points, which is considered a relatively small data-set. The size
of the data-set might affect the MLP approach. Extending the
data-set might further improve the accuracy of both surface
fitting and MLP approaches.

Third, this experiment proved that the SEA-based exoskele-
ton glove needs calibration to achieve a reasonable force
measurement result. The error arises when force is transformed
from the spring to the fingertips. Unlike most SEA applications
used in upper and lower limbs, the SEAs and linkage used in
exoskeleton gloves are usually made from plastic or aluminum
due to weight and size constraints. The above limitations
make these linkages and SEAs easy to deform and affect
the accuracy of the force output. These errors are hard to
overcome. To solve this issue, Chinpon, et al. and Park, et al.
proposed and verified a possible optical fiber solution to
substitute the SEA as an accurate tactile sensor [16], [17].
The optical fiber approach seems to have high accuracy while
remaining small in size.
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