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Abstract—People suffering from conditions affecting their
activities of daily living and those who do straining repetitive
tasks could be assisted using supportive devices. These devices
have generally been stiff in design, with more recent advances
exploring soft suits, removing the need for heavier structural
components. These supportive devices are often fitted with
rigid actuators that lack inherent compliance and rely on
feedback to regulate the assistive force. Compl iant actuators
able to control stiffness and pretension have only been applied
in rigid assistive devices with these devices being designed
for controllable stiffness in rotation and not linear motion.
This work briefly presents the results of a user study on the
effects of a compliant actuator in a soft supportive device for
arm flexion, the development and testing of a variable linear
stiffness mechanism for a linear motion capable of controlling
the stiffness and equilibrium position, and the integration of
said actuator in an exosuit.

I. INTRODUCTION

From patients with limited strength and mobility to work-
ers performing repetitive lifting tasks, supportive devices
could alleviate some of their problems [1], [2]. With devices
being designed to assist in walking [3], [4], to others focusing
on supporting the upper limbs [5], [6], a wide variety of
applications are covered. These supportive devices have
traditionally been rigid with more recent designs utilizing
fabrics to create exosuits as opposed to exoskeletons, re-
moving the need for heavy structural components prone to
parasitic forces [7]. Most assistive devices use rigid actuation
strategies that do not allow for inherent compliance and
rely on sensing and control to vary the assistive force [8].
The application of actuators with mechanical compliance
has been mostly restricted to rigid assistive devices [9]
with no solution existing that combines an exosuit with an
actuator with controllable stiffness and pretension. Most of
the variable stiffness solutions used are additionally designed
for a joint [10]-[14] as opposed to a linear motion [15]—
[17], with the latter lacking either a linear stiffness output,
controllable stiffness and pretension, or the capability to set
the mechanism at infinite or zero stiffness.

The need for a variable stiffness actuator stems from
our user study studying the efficacy of the passive-adaptive
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Fig. 1: (A) The original entirely passive exosuit utilizing an elastic band
[18]. (B) The final integrated exosuit with the variable stiffness mechanism.
(C) The final version of the variable stiffness mechanism.

exosuit that was created by augmenting the suit from [18],
which is designed to assist the right shoulder flexion by
pretensioning a spring as seen in figure 1, with a motor
to pretension a spring on the upper arm. To highlight the
efficacy, a muscle effort reduction as a percentage of the
maximum voluntary contraction of 3.03%, 2.4%, 1.56%, and
2.13% were observed for the deltoid anterior, deltoid mid,
deltoid posterior, and the trapezius respectively for the fourth
experiment with and without the exosuit with an experienced
user. Further reductions in muscle effort were theorized to be
possible with the addition of a variable stiffness mechanism
due to greater control over the provided support, thus forming
the basis for this work.

The goal of this work is to meet the need for a variable
stiffness solution for a linear motion to be integrated into an
exosuit filling two academic gaps, (i) a linear motion variable
stiffness mechanism with a linear stiffness output capable
of both equilibrium and stiffness control, and (ii) using a
variable stiffness mechanism with equilibrium and stiffness
control in an exosuit. This work focuses on the first part and
will present the integrated system as a proof of concept. The
design parameters will be defined in section II, after which
the design and working principle will be explained in section
III. This design is then subject to a series of experiments in
section IV, to validate the functionality of the mechanism
and highlight areas of improvement. Finally, section VI will
draw the final conclusions and discuss the future possibilities
and improvements.

II. DESIGN SPECIFICATIONS

The mechanism itself will sit at a preferred location on
the lower back, where it proved a convenient location for
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donning and doffing the suit as well as bearing the load of
the mechanism when attached to a wide belt as seen in figure
1.

A. Functional Requirements

1) Maximum Tension: The mechanism is designed to
function with two springs in parallel with a total stiffness
of 425N/m. The desired pretension length of the spring
measured during the user study was up to 231 mm with the
maximum measured deflection of the spring being 163 mm.
This combined with the previously mentioned spring stiffness
results in a maximum force of 69 N measured during the
user study. Considering a safety margin of at least 10% the
designed for maximum force is chosen to be 80 N.

2) Stiffness Range: A stiffness of 425 N/m was chosen
due to a higher stiffness requiring less pretensioning of the
spring. The mechanism should at least be capable of reaching
the stiffness used in the user study to allow for a conclusive
comparison while preferably also being able to become
completely compliant. Being able to set the mechanism to an
infinite stiffness might also be desired as it would allow the
user to hold their arm stationary with the mechanism bearing
the majority of the load. Therefore, the desired stiffness range
thus will be from ON/m to oo N/m.

3) Retraction Distance: As previously mentioned, the
highest desired pretension distance during the user study was
231 mm. To obtain an estimate of the distance the mechanism
has to actuate to move the equilibrium location of the output,
a measurement was done with a fully raised arm and com-
pared to a fully lowered arm. Measuring on an 180 cm male
resulted in a measured distance of approximately 160 mm.
Considering taller people, or those with larger shoulders,
a maximum retraction distance of 200 mm was selected.
Noteworthy is that the 160 mm retraction corresponds to a
180-degree rotation of the arm, illustrating the large effect a
small displacement of the mechanism has on the arm angle.

B. Performance Criteria

1) Speed: The mechanism should be able to actuate the
previously mentioned retraction distance in 2 seconds or less
as this is approximately the time it takes to lift the arm from
minimum to maximum elevation. A stiffness change from
ON/m to oo N/m should also be able to be done within
this same time window.

2) Weight: The weight of a portable solution is crucial
for the comfort of the user and should thus be kept to a
minimum or allocated such as to optimize for the comfort
of the wearer.

3) Power Consumption: Another crucial metric in a
portable solution is power consumption as this will, com-
bined with the desired operating time, result in the required
battery capacity of a system equipped with the variable
stiffness actuator, adding additional weight. The average
power consumption of the system should therefore be kept
to a minimum.

4) Inertia: The inertia of the mechanism should be as
low as possible to maximize the transparency to the user
and minimally affect the bandwidth of the motions.

C. Additional Criteria

The mechanism would preferably be affordable to build
to allow anyone to easily recreate it as the linear variable
stiffness mechanism can be used in other settings also.
Additionally, the design should be easily manufacturable
with limited resources as this would further promote easy
replication and improvement of the design both during the
design phase and beyond.

Furthermore, the center of mass of the mechanism should
be kept as close to the back of the wearer as possible to
minimize the generated moment due to gravity, improving
the comfort.

III. SYSTEM DESIGN

Most of the variable stiffness designs found in the litera-
ture phase are for rotary joints with only one being designed
for a linear motion but still applied in a rotary joint using a
pulley [19]. With that in mind, a point of reference remains
valuable to compare existing variable stiffness solutions
for rotary joints to understand the capabilities of current
solutions.

TABLE I: Exemplary variable stiffness joints

Name VS-Joint DLR FSJ  vsaUT-I AwAS-II
[10] [11] [12] [13]

Max.Torque | 160 Nm 67 Nm 60 Nm 80 Nm

Max. Stiff. | 55Nm/deg 83.7Nm/deg 16.5 Nm/deg oo N/deg

Zero Stiff. X X 4 v

Max. Defl. | £14° +15° £20° +17°

Weight 1.4kg 1.41kg 2.5kg 1.1kg

It is challenging to compare these systems to the to-be-
designed system due to the target application being linear
as opposed to rotation and would benefit from a greater
deflection at a lower stiffness. Noteworthy, however, is the
fact that only two of these actuators have the capability to
be completely compliant, namely the vsaUT-II actuator by
[12] and the AwAS-II actuator by [13], with only the latter
having the ability to also become completely rigid. A further
limitation within these designs is the limited deflection angle
of the joints, which for their designed purpose is most
likely ideal, but would translate poorly if used in a linear
mechanism using a pulley due to the previously mentioned
preference for greater deflections at a lower stiffness.

A. Variable Stiffness

The variable stiffness mechanism is designed to adhere to
the requirements set in section II. The specific application
of the exosuit allows freedom due to the absence of the
usual constraint given to the variable stiffness mechanisms
seen in the literature, namely that it has to be as compact as
possible to fit in a joint. The variable stiffness mechanism
will be placed on the lower back where there is ample space
in the plane parallel to the back. As mentioned in section
II-C, the center of mass should be kept as close to the
back as possible which can be achieved by minimizing the
mechanism thickness.
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Fig. 2: Concept of the variable stiffness mechanism with the angle 6 of the
slope as the controlled variable. Two bearings roll over the surface along
the red-dotted path and exert a normal force Fy on the surface which can
be decomposed into F's and Fr at a displacement of x. Between the two
bearings, a spring with stiffness ks is placed that extends as the bearings
further separate, increasing Fs and thus F’r. The distance dgaety has been
added as a short piece that has an output stiffness of only 4.4 N/m in the
event that there is an excessive amount of force on the mechanism in the
lower operating stiffness range.

The working principle of the developed concept can be
seen in figure 2, where the angle 6 can be adjusted using a
motor. The system has two bearings that roll over the surface
and follow the red-dotted line with each bearing a tension
Fr at a displacement of x. As the slope increases, the rate
at which the spring extends with an increase of displacement
z also increases and thus the output stiffness increases. The
mechanism effectively multiplies the stiffness of the spring
using mechanical advantage, and can thus be categorized
under the structure-based variable stiffness mechanisms as
discussed in section I.

After conceptualizing the functionality of this mechanism,
a design was found that utilized a similar working principle
to obtain a nonlinear stiffness by having the bearings roll
over a nonlinear surface, and in doing so map linear springs
to any nonlinear spring output for use in an antagonistic-
based variable stiffness mechanism [20]. The main difference
between the presented concept and the found design is that
the concept will be able to adjust the spring characteristic
during operation and the found design has no such ability
as the profile has to be manufactured in advance. The spring
force is determined by Fg = k-s = ks2x tan(6) from which
follows the tension force

Fr = tan(0)Fs = k,2x tan(6)?. (D

This relation can then be used to find the relation between
the input stiffness and output stiffness as well as the desired
arm angle to attain a certain output stiffness using Fropa) =
2Fr = ksdxz tan(0)? from which follows

Frota
koutput = Total = ks4ta’n(0)27 (2)

x
0 = atan2(/Foutput, v/ 4ks). &)

In the configuration where 6 is zero, the mechanism will
have an output stiffness of 0 N/m as there is no extension
of the spring. Then, as 6 increases, the output stiffness will
increase with x and 6 as defined by equation 2. The top plot

in figure 3 illustrates the output stiffness k, as a function of
0 for three available spring stiffnesses. This stiffness would
continue to increase until infinity at § = 0.57.

As the mechanism is able to theoretically create any output
stiffness from an input stiffness, the spring stiffness ks needs
to be chosen based on the desired granularity of the output
stiffness and the maximum output deflection. A lower spring
stiffness allows for greater control in the lower stiffness range
however also requires a greater angle 6 to obtain higher
output stiffnesses and thus limits the possible extension of the
mechanism in the higher stiffness range. At greater angles of
6 the maximum range over which the mechanism can operate
decreases as can be seen in the bottom plot in figure 3, which
illustrates the relation between 6 and the maximum possible
extension of the mechanism ..

£ 5000 —F, =78 [ ‘ ]
e —ks = 144
5 ks = 400
=2 0 L
01
S
<0.05 1
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

O(rad)

Fig. 3: The top plot illustrates the relation between the spring stiffness ks,
6, and the output stiffness k,. The bottom plot gives the relation between
the spring stiffness 6 and the maximum extension of the mechanism zmax.

A spring stiffness of 144 N/m, consisting of two 72 N/m
springs in parallel, was chosen from the set of available
springs as the lower stiffness would allow for greater control
in the lower stiffness range while also having an outside
diameter of 12.5mm with a rest length of 76 mm, making
it ideal for the mechanism to remain thin while increasing
in width along the back.

The addition of the 4.4 N/m section of length dsatety Was
added based on experience from the user study discussed
in section I, as occasionally, the wearer would experience a
higher than comfortable tension and thus would be forced
to lift the arm practically vertical. The reason the stiffness
is nonzero is that the low stiffness still generates enough
force to reset the mechanism. The distance dgafery Would
theoretically allow for the mechanism to be overpowered as
long as it would be operating a stiffness range that would not
require an impossible amount of force. The distance dsafety
can be quite short since a small displacement would have a
large effect on the arm angle as discussed in II-A.3.

Figure 4 illustrates the relation between the output stiffness
and the required force to trigger the safety with the mecha-
nism having an arm length [ of 88 mm. For the previously
mentioned spring stiffness of 144 N/m the required force
at an output stiffness of 2000 N/m would theoretically be
83.2 N. This is slightly higher than the maximum force, as set
in II-A.1, ensuring the maximum force can still be achieved.
A greater force would trigger the safety, which could be
modified by altering the length of the arms or the desired
output stiffness. The addition of the safety does complicate
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the design somewhat since it requires the design to function
as a parallelogram to ensure the stiffness at the end remains
44N /m.

0 500 1000 1500 2000
ko(N/m)

Fig. 4: The top plot illustrates the relation between the output spring stiffness
ko, and the required force to trigger the safety F'. The bottom plot shows
the relation between the output spring stiffness ko, and the required moment
M to actuate one arm at the maximum chosen arm length of 88 mm.

The maximum required moment M to actuate with an arm
length of 88 mm as a function of the output stiffness relation
k, can be seen in the bottom plot of figure 4. At an output
stiffness k, of 2000 N/m, the maximum required moment to
actuate one arm is 1.2 Nm, thus the total moment required to
actuate both arms is 2.4 Nm. The system uses a motor that
was already available in combination with a worm wheel
to make the system non-back-drivable and thus reduce the
energy consumption of the system. The motor has a rated
operating torque of 0.125 Nm with a peak torque output of
0.38 Nm and is combined with an also already available
worm wheel that has a 90:1 reduction ratio. Furthermore,
the axis of the worm wheel is fitted with a magnet and an
as5600 hall sensor to provide feedback to the controller.

The system, additionally, has another transmission ratio
due to the differing diameters of the pulley on the worm
wheel being 32.3 mm and the diameter of the pulley on the
arm being 68 mm as seen in figure 5a, resulting in a ratio
of 1.98:1. This subsequently leads to a total reduction ratio
of 178.2:1, leading to a maximum peak operating torque of
22.275Nm. This is many times greater than the required
torque at an output stiffness k, of 2000N/m, and would
theoretically allow the system to actuate at a maximum
displacement at a stiffness of 40000 N/m. The reason for
using wires rather than direct gearing is that it would allow
for easy symmetrical actuation due to the absence of play in
gears and improve efficiency as there are no sliding contacts.

With the previously mentioned total reduction ratio of
178.2:1 and the nominal speed of the motor being 4000 rpm
the motor could theoretically actuate 2s-360 deg: gggf)% =
269.36 deg in two seconds. This would satisfy the perfor-
mance criteria set in section II-B.1.

B. Rest Length Adjustment

Now the variable stiffness element of the mechanism has
been designed, a mechanism needs to be designed to reduce
the cable length. The biggest challenge is creating a design
that integrates well with the variable stiffness mechanism
while adhering to the requirements. To this extent, to main-
tain the possible deflection of the integrated solution, the

existing cable layout has to be modified to maintain the 1:1
movement of the output to the mechanism using a pulley as
seen in figure 5a and figure 5b.

The first iteration of the design can be seen in figure 5b
where a servo is used to rotate a pulley to spool the cable.
Due to the cable layout, the cable retraction mechanism has
to actuate twice the distance for the desired output retraction
distance. At the maximum force set in II-A.1 and with a
pulley diameter of 40 mm the required torque is 0.8 Nm
without losses. A Dynamixel XM-430-r was chosen as it
was available, easy to use, having a rated stall torque 3.0 Nm
at 12V, and allowing for continuous rotation. It has to be
emphasized that this is but the first iteration of the design and
currently does adhere to the performance requirement as set
in II-B.1, as with a 40mm pulley, the system would need
2.48 s to actuate 0.2m without load. The pulley diameter
could be increased but doing so would result in a lower
output force, which was prioritized for this design iteration.
The current design requires the servo to continuously actuate
and thus does not optimize the performance requirement as
set in II-B.3. Ideally, a similar non-backlash system, such as
a worm wheel, would be used to allow for minimal actuation.
The design could be effectively improved by using a different
actuation solution that would also allow for continuous
rotation while having a higher rated torque while including a
non-backlash solution as will be further discussed in section
VL

C. Integrated Design

The last step of the design process integrates the variable
stiffness mechanism with the cable retraction mechanism.
The variable stiffness mechanism was designed first, with
the cable retraction mechanism being designed with that in
mind, connecting to the guide structure using a set of bolts
as illustrated in figure 5b. The design including the control
electronics weighs 1224 g which is comparable to the designs
presented in table I. A large part of the weight is due to the
stiffness actuation motor weighing 0.45 kg, and as previously
mentioned was chosen for availability and will be further
discussed in section VI.

D. Control

The chosen controller is a PI controller as the target
application is reference tracking, allowing for a minimal
steady-state error. A block diagram of the controller can
be seen in figure 6. The controller was manually tuned
through trial and error, likely limiting the performance of the
controller but considered sufficient for the proof-of-concept.
The reference angle of the worm wheel 7 is set based on the
desired stiffness as defined in equation 3 that is derived from
equation 2. The error e between the measured angle of the
worm wheel y and r is then used as input of the PI controller
which outputs the motor velocity that accepts a range from
0, being zero velocity, to 4095, being the maximum motor
velocity. The integral in the PI controller is saturated at a
value of +250 to allow for fast changes in direction and little
overshoot with the control input bounded to a value of 1500

1741
Authorized licensed use limited to: TU Delft Library. Downloaded on November 19,2024 at 14:35:30 UTC from IEEE Xplore. Restrictions apply.



Load cell
i
B .

(a)

(b) ©

Fig. 5: (a) A top-down section view illustrating the cable routing of the mechanism in red and the mechanism of actuation for the arms and marker
placement on the mechanism for the experiments. (b) An exploded view of the mechanism highlighting the most important components. (1) The retraction
mechanism mainly consists of (3) the retraction servo. (2) The variable stiffness mechanism with (4) the two springs, (5) the guiding roller bearings, (6)
the roller bearings for the springs, (7) the worm wheel with integrated pulley, (8) the hall effect sensor, and lastly (9) the motor for the stiffness actuation.

(c) picture of the physical prototype.

to limit the speed of the system which after further testing
could be increased for increased system responsiveness.

) H [ «— koutput
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v am
& /
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Fig. 6: Block diagram of the system with koutput being the desired output
stiffness is transformed to a resulting desired motor angle O4es using
equation 3 in combination with the transmission ratio between the arms
and the worm wheel. The error e between the desired angle 6405 and the
measured angle of the worm wheel 6, is used as an input in the PI controller.
u is the control input determined by the PI controller which is the motor
velocity from stationary being O to the maximum velocity being 4095 and
is bounded to limit the speed of the system.

IV. EXPERIMENTS

The following experiments were performed throughout the
iteration process to debug and validate the code and mechan-
ical design: (1) Repeatability, (2) Constant displacement, (3)
Constant force, (4) Limit test, (5) Performance analysis, and
(6) Bending analysis. The goals of the experiments were as
follows: (1) To measure the consistency of the mechanism,
(2) to test the mechanism’s ability to change stiffness at a
constant output displacement, (3) to test the mechanism’s
ability to maintain a set force while changing pretension,
(4) to find the limits of the mechanism, (5) to measure
the performance criteria, and (6) to measure the mechanical
deflection of the mechanism under load. Notably, the two
design objectives inertia and power consumption will not be
measured as the found design was deemed subject to change.

A. Methodology

An OptiTrack system sampled at 200 Hz with the data
from the Teensy microcontroller streaming at 10 Hz over

serial communication. The mechanism is turned on and
calibrated to the zero stiffness position based on observed
tension in the cables connecting the motor pulley to the arms,
after which the control is enabled and the OptiTrack system
recording starts. Depending on the experiment, the automated
or manual testing then commences. After the experiment fin-
ishes, the Teensy data is saved with the OptiTrack recording
stopped. The data is aligned and trimmed to the same length
after which the Teensy data is supersampled to match the
sampling frequency of the OptiTrack recording allowing for
easy data analysis using Matlab.

B. Repeatability

To validate the repeatability of setting the mechanism
stiffness a test was performed where the mechanism stiff-
ness would increase with 50 N/m increments and be pre-
tensioned with a distance of Az, m, as defined by Az, =
2-0.088 cos(f). This was done over a range from 50 N/m
to 2000 N/m as this was found to be the range in which
the retraction mechanism was able to actuate consistently.
This test was performed 13 times without adjusting the
output position but with re-calibration of the initial position
after each experiment. Some slack in the output cable was
observed in the starting position meaning the mechanism
would in reality actuate slightly less than Az, m which
was compensated for using the measured position of the
tracking markers as seen in figure 5a. Due to the complete
data collection, various methods of calculating the resulting
stiffness are possible of which two were chosen for their
logic and hypothesized quality of data.

1) Calculated Stiffness Using Measured Force: The first
method uses the force of the load cell in combination with
the measured displacement of the spring mechanism over the
Z-axis as defined in figure 5a, of which the results can be
seen in figure 7. Figure 7 also illustrates the error between
the desired stiffness and the calculated stiffness, showing an
average stiffness error over all trials of this experiment of
—237.018 N/m, meaning the mechanism was on average less
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stiff than desired. Furthermore, an increased variance can be
seen as the desired output stiffness increases.

2000 —— | : | | e

1000 — il

—Method 1|
—Method 2

ky(N/m

(N/m)

1000

800 1000 1200 1400 1600 1800 2000
ko(N/m)

200 400 600

Fig. 7: The top plot shows the relation between the measured output stiffness
km and the target output stiffness k, with method 1 being calculated using
the measured tension and the displacement of the spring in the Z direction
as defined in figure 5a and method 2 being calculated using the measured
extension of the spring, the motor angle, the force relation in equation 1, .
The bottom plot shows the stiffness error ke between the measured stiffness
and the desired output stiffness.

2) Calculated Stiffness Using Measured Spring Extension:
The second method uses the two markers, marker B and F
in figure 5a, on the springs to measure the spring extension
by taking the Euclidean distance between the two points,
multiplying that by the total spring stiffness of 144 N/m,
and using the relation in equation 1 to calculate the resulting
output force. This force is divided by the displacement of
the spring in the Z-axis, like in the other method, and results
in an output stiffness as can be seen in figure 7. The average
stiffness error k. over all trials in this experiment was found
to be —306 N/m, indicating the mechanism was on average
over all the experiments below the desired stiffness using
this method.

3) Comparison Of Methods: Both methods show the
effect of the system compliance can be seen in the figures
as the error grows larger due to the higher angle and force,
further studied in section IV-G. Effectively, this would equate
to two springs in series, that being the actual springs and
the mechanism itself, leading to a lower output stiffness.
Additionally, the force measurement used in the first method
seemed to fluctuate, making conclusions increasingly chal-
lenging. The range of the error is smaller in the second
method with a maximum standard deviation of 266.94 N /m,
as opposed to from 308.79 N/m for the first method. The
variable stiffness devices mentioned in chapter III do not
mention the stiffness errors and as such the error cannot
be compared to existing devices in literature. The second
method was chosen as the default method based on the
observed inconsistency of the load cell data and the lower
variance of the collected data. The second method should
better reflect the actual state of the system as the physical
spring extension is used. A counter-argument to the second
method is that it negates the effects of friction in the system
which would be better represented by the load cell data.

C. Constant Displacement

The constant displacement experiment illustrates the abil-
ity of the mechanism to change the output stiffness for

a constant displacement of the system. The output of the
system was fixed to a rigid frame with the mechanism
placed at a displacement of 0.03 m. This would allow for the
exploration of a large range of stiffnesses but does prevent
the mechanism from reaching an infinite stiffness as this
would require the output to move due to the radius of the
bearing as discussed in IV-D. The results are illustrated
in figure 8. During the experiment, it was observed that
the mechanism was more capable of reaching the desired
stiffness by first returning to the zero stiffness configuration.
The error between the desired stiffness and the measured
stiffness increases with an increasing desired stiffness. The
error was lower for the same stiffness if the mechanism was
first reset to the zero stiffness configuration, as evident by the
lower error in figure 8. The highest measured tension using
the loadcell was 83.10N, at which point the mechanism
was unable to further actuate with the current controller
and motor used to control the mechanism stiffness. The
calculated force based on the method from IV-B.2, resulted
in a maximum force of 99.53 N.
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Fig. 8: The top plot shows the desired output stiffness k; and the measured
output stiffness &y, as per the method in IV-B.2, over time for the constant
displacement experiment. The bottom plot shows the error between the two
over time.

Py

D. Constant Force

To validate the ability of the mechanism to output a
constant force, the mechanism has to counteract the change
in force due to the stiffness change. As the stiffness, and thus
the angle 6, is increased, there is a following displacement
Axg due to the offset of the center of the bearing with
respect to the rolling surface. This relation is defined by
Azg = Tpearing (sin(f1) —sin(6z)), with 6, and 6, being the
angles at a stiffness of k; and k, respectively. From this the
relationship between the required actuation distance Ax can
be determined using Tkoutpui,1 = (T + Az + Azg)koutput 2
from which follows Az = % —x — Axp.

The experiment was performed with the mechanism being
set at an initial displacement of 0.03m with an output
stiffness of 400 N/m and then decreased with increments of
25N/m to the final stiffness of 150 N/m.A lower stiffness
would result in the mechanism safety triggering, as the
required mechanism pretension would be greater than the
actuation range. The results can be seen in figure 9, where
the measured starting force was 11.85N and ending with
8.99N with a mean of 10.22N and a standard deviation of
0.853 N.
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Fig. 9: The top plot shows the measured force from the loadcell F' during
the constant force experiment. The middle plot shows the desired output
stiffness kg and the measured output stiffness k,, as per the method
described in IV-B.2. The bottom plot shows the error between kg and k.

E. Limit Testing

To find the actual limits of the device including the
pretensioning mechanism, a test was performed that would
incrementally increase the mechanism stiffness and maxi-
mally pretension the mechanism with a distance of Az,
m, as defined by Az, = 2-0.088cos(f). The results can
be seen in figure 10. The stiffness at which the mechanism
became unable to further actuate was at a desired stiffness
of 2700 N/m with a measured stiffness of 1933N/m at a
peak force of 51.58 N due to the error in the servo position
being above the predefined limit and as such indicates that
the motor is underpowered and should be replaced with a
system similar to the stiffness control mechanism while being
also being capable of higher cable tensions as previously
mentioned in section ??. This limit could be increased at
the expense of the output accuracy. With a force of 51.58 N,
it does not satisfy the requirement set in II-A.1 and should
be further iterated upon as previously mentioned in section
1I-B.
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Fig. 10: The results of the limit test experiment.

F. Performance analysis

To validate some of the performance criteria, a test was
done to find the capabilities of the mechanism to change the
output stiffness from 0 N/m to oo N/m and from 0N/m to
500 N/m. This experiment was performed without load to
test the base capabilities of the mechanism. The mechanism
was able to change stiffness from 0N /m to co N/m in 1.4s

and from ON/m to 500 N/m in 1.09s, thus complying with
the requirement set in 1I-B.1.

G. Deflection under load

Higher-than-expected deflection of the mechanism under
load led to the experiments being performed using an Opti-
Track system with markers being placed as seen in figure Sa.
Besides providing useful data on the spring displacement, it
also allows for the measuring of the previously mentioned
deflection of the mechanism. This was done by configuring
the mechanism with a stiffness of 425 N /m, chosen to match
the stiffness from the previous user study. The marker used
for the analysis is marker G in figure 5a, as this element was
observed to have the highest deflection under load.The results
of the experiment can be seen in figure 11, with a maximum
deflection of 21 mm being measured when the mechanism
was pulled into the safety and thus had the greatest moment
generated. The average equivalent stiffness, meaning the
force F' divided by the displacement d, was on average
1835N/m with a standard deviation of 1260 N/m and a
maximum of 3834 N/m while under load. The measured
deflection is still too high to be considered sufficient and
will be further discussed in section VI.
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Fig. 11: The results of the bending analysis, from top to bottom: Measured
force F', the Euclidean distance of the error of the uppermost marker as
seen in figure Sa, the equivalent stiffness based on the measured force and
displacement, and the desired motor position ¢4 and the measured motor
position ¢g,.

V. PROOF OF CONCEPT

To test the capability of the variable stiffness mechanism
as a part of an exosuit, it was integrated into the suit used
in the user study discussed in chapter I. The integrated suit
fitted to a mannequin can be seen in figures 12.

The suit was also tested to verify the basic working
principle and comfort by manually setting the stiffness and
pretension as opposed to the biomechanically-aware opti-
mization used in the user study. By pretensioning the system
to an equilibrium position where the arm was elevated above
the head, and subsequently testing multiple stiffnesses, it
was found that there was indeed a significant difference
in the stiffness of the mechanism and the effective level
of support. The safety was also triggered multiple times
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Fig. 12: Picture of the exosuit from the user study equipped with the variable
stiffness mechanism fitted to a mannequin.

in the experiment, showing the functionality of the safety
mechanism. A frame from the experiment can be seen in
figure 1.

VI. DISCUSSION & CONCLUSION

This work presents a novel variable stiffness mechanism to
achieve linear motion variable stiffness with a linear stiffness
output capable of both equilibrium and stiffness control and
presents a variable stiffness mechanism with equilibrium
and stiffness control used in an exosuit. The experiments
did indeed validate the working principle and functionality
of the design and demonstrated the capabilities of using
readily available linear springs and transforming them to
any desired linear output stiffness. The stiffness control
mechanism was validated to be capable of sustaining the
force requirement set, although a relatively high deflection
at the end of the arms was measured highlighting a limitation
of the current design and the need to further explore possible
materials and manufacturing methods while adhering to the
set requirements. The current pretensioning mechanism was
found to be inadequate and should be improved to be capable
of higher forces and should use a power-efficient solution as
used in the stiffness control mechanism.

A. Future Work

Integrating the mechanism into the exosuit highlighted
limitations in both the exosuit design and the mechanism
itself, such as a higher than desired friction in both systems,
causing the mechanism to underperform. After addressing
this and implementing some if not all of the previously
mentioned improvements, a follow-up user study can be
performed to test the theorized improved performance of a
passive-adaptive variable stiffness exosuit. With the working
principle being validated, future iterations can now be made
to further optimize the design in performance, volume, and
weight.
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