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Investigating the Effects of Strapping Pressure on
Human-Robot Interface Dynamics Using a Soft

Robotic Cuff
Kevin Langlois1∗, David Rodriguez-Cianca1, Ben Serrien2, Joris De Winter1, Tom Verstraten1,

Carlos Rodriguez-Guerrero1, Bram Vanderborght1 and Dirk Lefeber1

Abstract—Physical human-robot interfaces are a challenging
aspect of exoskeleton design, mainly due to the fact that interfaces
tend to migrate relatively to the body leading to discomfort and
power losses. Therefore, the key is to develop interfaces that
optimize attachment stiffness, i.e. reduce relative motion, without
compromising comfort. To that end, we propose a method to
obtain the optimal attachment pressure in terms of connection
stiffness and comfort. The method is based on a soft robotic
interface capable of actively controlling strapping pressure which
is coupled to a cobot. Hereby the effects of strapping pressure
on energetic losses, connection stiffness, and perceived comfort
are analyzed. Results indicate a trade-off between connection
stiffness and perceived comfort for this type of interface. An
optimal strapping pressure was found in the 50 to 80 mmHg
range. Connection stiffness was found to increase linearly over
a pressure range from 0 mmHg (stiffness of 1139 N/m) to
100 mmHg (stiffness of 2232 N/m). And energetic losses were
reduced by 42% by increasing connection stiffness. This research
highlights the importance of strapping pressure when attaching
an exoskeleton to a human and introduces a new adaptive
interface to improve the coupling from an exoskeleton to an
individual.

Keywords—Wearable Robots, Physical Human-Robot Interac-
tion, Soft Robot Applications, Cooperating Robots.

I. INTRODUCTION

ROBOTIC exoskeleton technologies have shown remark-
able advancements in the fields of rehabilitation, medical

assistance and power augmentation [1],[2]. However, dis-
comfort and inadequate force transmission while wearing an
exoskeleton are still major barriers to a wider adoption of the
technology.

Exoskeleton controllers are often designed with the implicit
assumption that the torque generated by the exoskeleton’s
actuators are entirely transmitted to the human, i.e. without
loss of torque. It is, however known, that compliance at the
physical interface constitutes a considerable energy sink [3]
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leading to inefficient torque transmission. Cherry et al. [4]
observed that up to 50% of the mechanical power generated
by their lower-limb exoskeleton was lost due to soft tissue
compression and harness compliance. Similarly, [5] reported
that about 55% of the work supplied by the actuators of their
soft exosuit was absorbed in the interfaces. Efforts to decrease
the size, mass, and energy consumption of actuators lose their
relevance if the torques they generate are not transmitted
completely to the user. To mitigate this problem, interfaces
that reduce relative motion relative to the human body are
desirable [6].

Despite the known importance of quantifying physical inter-
face dynamics for the performance of exoskeletons, there are
very few studies that address this topic [4],[5],[6],[7],[8]. A
major issue is the lack of standardized measurement devices
and procedures [1],[5] which are an active area of research
[9],[10].

Another major challenge pertaining to the human-
exoskeleton interfaces is the level of discomfort associated
with wearing these devices and the ability to adapt to the
specific needs and ergonomic particularities of humans. For
example, in [11] the functional effects of using a commercial
exoskeleton to assist individuals with chronic spinal cord
injury (SCI) were assessed. No less than five out of ten
enrolled subjects experienced skin aberrations during walking
trials. Indeed, assisting individuals with SCI experience is
especially challenging as it is well documented that the
majority (70%-75%) of these individuals experience pressure
sores during their lifetime with dramatic changes in their
skin structures that are likely to break down with a minimal
amount of shear [12].

Ergonomy is particularly important for the adoption of
exoskeletons [13]. Discomfort can lead to disuse no matter
the performance in other areas: users are not likely to use a
device that performs well but chafes the skin during operation,
or is obtrusive during activities of daily living [14],[15],
[16]. This is especially true for assistive exoskeletons
specifically developed for industrial purposes. Even though
the biomechanical advantage of wearing such devices has
been proven - with muscle activity reductions up to 80% -
the lack of safety standards and technical issues, specifically
related to comfort, are hindering mainstay practical use [17].

In practice, physical interfaces consist of straps and padded
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Fig. 1. When interfaces move relatively to the arm, the robot joint (Rj ) becomes misaligned relative to the human joint (Hj ) which in presence of a torque
τ leads to undesired interaction forces. Methods to characterize interface dynamics are needed to predict relative motion and interaction forces. In this study
we propose to couple the interface to a robotic manipulator to identify the parameters of a viscoelastic interaction model.

shells or orthoses, and textiles for soft exoskeletons. They
transmit force and torque by pressing or pulling onto spe-
cific body parts. The difficulty in physically interacting with
humans lies in the fact that soft tissues tend to compress
and shear under load, and interfaces tend to migrate. Mi-
gration or relative motion is especially problematic for rigid
exoskeletons, as this will lead to misalignment between the
robotic and the biological joints. Misalignments result in
undesired interaction forces, leading to soft tissue deformation
and slippage [18],[19]. Although these undesired forces can be
dealt with using several techniques [19]. A commonly adopted
approach is the manual alignment of the robotic joint to the
biological joints. This approach requires time and expertise to
don the device since determining the location of the biological
joint requires precise anthropometric measurements. However,
even with precise initial alignment of the joints, misalignments
during operation can still occur due to deformations of the
soft tissues and interfaces, and slipping of the interfaces
[20],[21]. A second approach is the use of compliant elements
to deal with joint misalignment. At the cuff-level the effects
of misalignment can be compensated by deformation of the
cuff and/or soft tissues [22]. Compliance at this level can only
compensate for small amounts of misalignment and effective-
ness is highly dependent on the donning procedure [23]. A
third approach is the addition of more degrees-of-freedom to
the system to introduce kinematic redundancy. Although these
mechanisms will add inertia and bulk to the device, undesired
interaction forces and torques can be significantly reduced,
with an impact on perceived comfort [18]. Overall, relative
motion of interfaces should be minimized as to optimize
comfort, efficiency, and reliability of exoskeletons [24].

Consequently, a stiff connection between the
musculoskeletal system and the robot is preferred, which
boils down to tightly strapping the user, since compressing
the soft tissues increases their stiffness. However, applied
strapping pressure is rarely monitored. This is mainly due to
the fact that current interfaces are not sensorized, although
this is an active area of research [25],[26],[27].
Current commercial exoskeletons rely on experts to adequately
strap a user to the device. The strapping pressure is based
on a qualified subjective assessment, which is not practical
for large scale use. Because of the strong impact of strapping
pressure on exoskeleton performance and user perceived
comfort, we believe that it is crucial for this pressure to not
only be qualified but also quantified.

In conclusion, interfaces should maximize connection
stiffness without compromising comfort. To address this
challenge we propose a novel method to characterize
interface dynamics by coupling the interface to a cobot.
The manipulator is used to apply disturbances and measure
interaction forces, as shown in Fig. 1. The interaction
between the human and robot is expressed by means of
a second order transfer function, consisting of a stiffness
and damping parameter, similar to the model presented in
[18]. The method is applied to show the impact of strapping
pressure on these parameters in the axial direction of the
humerus. To adapt strapping pressure an inflatable cuff was
developed, consisting of an inflatable bladder and a pressure
controller, which is further described in the following section.
Since force-transmission is as much of a key requirement as
comfort, two experiments were carried out; one to identify
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interface dynamics as a function of pressure and one to
identify perceived comfort relative to pressure. The details
of these experiments are presented in II-B. In section
III the effects of pressure on stiffness, damping, energy
dissipation, and perceived comfort are presented. Next, in
section IV, we discuss the implications and limitations of the
study. Finally in section V we list the conclusions of this study.

II. MATERIALS AND METHODS

In this section, the development and functioning of the
soft robotic cuff are explained, and the protocols of the two
independent experiments that were carried out are described.
In the first experiment, the effects of strapping pressure on
relative motion and interaction forces are measured. The
second experiment assesses the effects of strapping pressure on
discomfort. The methods used to process the data and identify
the model parameters are described in II-C.

A. Development of a soft inflatable robotic interface

A custom soft inflatable robotic interface is developed
to control the strapping pressure. This allows analysing the
dynamics of interfaces that are hypothesized to be significantly
impacted by strapping pressure.

The developed interface is shown in Fig. 2(c), and consists
of a flexible shell, an inflatable bladder, and an inextensible
strap. The individual components of the robotic cuff are shown
in Figs. 2(a) and 2(b) and their specifications are given in Table
I. The shell of the interface is molded with a liquid rubber in a
3D-printed cast. The internal area of the shell is fully padded
with a Neoprene sheet. The shell is rigidly connected through
an aluminium and carbon fibre structure to the robot’s end-
effector.

a

b c

Fig. 2. Assembly of the soft inflatable interface: (a) from left to right, the
assembly consists of an inextensible strap, a flexible shell and an inflatable
bladder. (b) The bladder is made of a Shore 0030 silicone rubber and is
pressure controlled by a servo controlled proportional valve. (c) Assembled
soft inflatable interface.

The inflatable bladder was made using a two-part mold
similar to [28]. It consists of two silicone rubber rectangles
with a cavity in between. The bladder was then sewn into
the strap. A pressure increase in the bladder increases the

Component Specifications

Bladder Ecoflex-0030, Smooth On
Hardness: Shore 0030
Dimensions: 90 mm by 110 mm

Shell PMC-790, Smooth On
Hardness: Shore 90A
Internal area: 181.2 cm2

Strap Cordura 45/55 blend
Dimensions: 750 mm by 120 mm

Padding Neoprene
Thickness: 10 mm

TABLE I: Components of the custom-made cuff.

strapping pressure exerted on the user’s arm, leading to a
tighter fit of the interface. As illustrated in Fig. 3, the concept
of the cuff is to increase pressure in the bladder to increase the
tension in the strap which leads to a higher pressure exerted
on the subject’s arm.

The pressure in the interface is controlled in real-time by a
servo controlled valve (KPS 3/4 by Kolvenbach AG, Germany)
connected to an air supply (8 Bar) and measured by an
MPRLS (Honeywell) absolute pressure sensor. The pressure
measurement is used as feedback for the PID controller of the
valve. The controller of the valve was programmed in Simulink
and interfaces with a custom made controller board through
TwinCat and Simulink RealTime [29].

Strap

Soft tissues

Humerus

Shell

Inflatable bladder

Connection part

Franka

Fig. 3. Front view of the test-setup. The inflatable cuff is attached to a
Franka robot by means of an aluminium structure and a carbon fibre plate.
When pressure inside the bladder is increased the strap tightens around the
limb.

B. Experimental protocol

To describe the effects of strapping pressure on the relative
motion of the cuff and perceived discomfort two independent
experiments were conducted in one session;

• firstly, an experiment to analyse the interface dynamics,
i.e. the motion of the cuff relative to the arm of the
participants and the interaction forces that occur;

• secondly, an experiment to assess discomfort relative to
different pressure levels.

Each experiment was conducted using the Franka Emika robot,
a 7 DOF robotic manipulator comprising torque sensors in
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each joint, allowing force (measurement range x-direction =
[-125N: 95N], resolution = 0.05N) and torque to be measured
in each direction at the end-effector.

A total of 30 healthy adult participants were recruited (15
male, 15 female) to participate in this study. The sample size
for both experiments was determined from an a-priori power
analysis. All human subject studies were approved by the Eth-
ical Commission of the UZ Brussel (B.U.N. 143201942279)
and the participants gave informed written consent prior to
participation.

Fig. 4. Experimental setup of the study. A user was strapped at a specific
pressure to analyse the effects on relative motion and perceived comfort. The
relative motion was measured using motion capture devices, indicated in red
circles are reflective markers.

1) Interface dynamics experiment: Participants were
seated in a chair and their right upper arm was placed inside
the inflatable cuff, stretched horizontally to the ground plane as
depicted in Fig. 4. The hand was firmly holding an adjustable
handle, which was adjusted to the length of the arm, and
the participants were asked to immobilize the arm and trunk
during the experiment. The initial position of the robot was
calibrated to the participant, to ensure the cuff was placed at
the right height relative to the user.

Prior to the experiment, the inflatable cuff is calibrated for
each participant by performing the following procedure:

1) Open the strap.
2) Pressurize the inflatable cuff to 20 mmHg.
3) Place the arm in the cuff.
4) Flex the elbow 90 degrees and position the cuff to

coincide with the end of the elbow.
5) Tighten the strap until pressure in the inflatable cuff

reaches 60 mmHg.
6) Secure the strap.
After the calibrations, the robot moved in the axial direction

relative to the arm, to create relative motion between the
humerus and the cuff. The robot was programmed with a
position controller to perform a sinusoidal translation xrobot
with an amplitude of 2.5 cm and a period of 3 s. Two reflective
markers were used to calculate the relative motion between
the cuff and the arm. One marker was placed on the interface,
and one marker placed on the wrist of the participant, as
depicted in Fig. 4. The tracking of the reflective markers’
position was achieved using a motion capture environment
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Fig. 5. During the experiment a robotic manipulator performs a periodic
translation xrobot. After 10 oscillations the pressure inside the cuff is
elevated. Small breaks are made between each pressure level to habituate
the participants to the experiment.

comprising 10 Vicon Vero 2.2 cameras (VICON, Oxford,
United Kingdom) with a sampling frequency of 100 Hz. The
data is acquired and processed using the Nexus environment.

The pressure inside the inflatable cuff is increased every
10 oscillations. Between each pressure level, a short pressure
break of 1 s is introduced to habituate the participants to the
experiment. The robot’s motion and pressure modulation in the
inflatable cuff are depicted in Fig. 5. Five different pressure
levels were applied in the following order: 0-20-50-80-100
mmHg. These pressure levels were chosen based on a pilot
study carried out prior to this experiment.

2) Perceived comfort experiment: To assess the effects
of strapping pressure on perceived comfort a ”free-motion”
experiment is presented. Participants were asked to perform
randomly chosen motions in plane α, illustrated in Fig. 6,
while being strapped at a specific pressure. The experiment
was repeated a total of 5 times, in which participants were
subjected to five pressure levels (0-20-50-80-100 mmHg)
in a randomized order. To limit the range of motion, any
translations outside plane α or rotations around the x- and
y-axis, as shown in Fig. 6, were constrained by the cobot
using the internal cartesian impedance controller, in which
the impedance for translations along the x- and y-axis, and
rotations around the z-axis are set to the minimal value
(10 N/m and 1 Nm/rad, respectively). The impedance for
translations along the z-axis and rotations around the x- and
y-axis are set to the maximal value (3000 N/m and 300
Nm/rad, respectively).

Following a free-motion of 1 minute, the participants were
given 1 minute to rate perceived comfort on a Visual Analog
Scale (VAS). It is rated by indicating a score ranging from
”low comfort” to ”high comfort” on a continuous line of 10
cm. A VAS is commonly used to allow a finer distinction
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between participants’ opinion by reducing the variation of
individual interpretation compared to numerical rating scales
[30].

C. Data acquisition, processing and analysis

Force: The force acting on the robot in the direction of
the arm (x-direction) is sampled at a frequency of 1 kHz.
The raw force data is first filtered with a zero-lag 1st order
Butterworth filter with a cut-off frequency of 10 Hz. The
filtered data is then normalized over time for a total cycle
length of 3 s. The data of 5 participants had to be left out
due to technical issues during the experiment. This left a total
of 1250 cycles to analyse. For each subject, the interaction
force is averaged over the 10 cycles. The data shown in the
results (section III) is the average across all subjects.

Relative motion: Two markers are used to measure the
relative motion, one on the cuff and one on the wrist of
the participant, shown in Fig. 4. The additional markers
seen on the figure are redundant. The missing position data
due to marker occlusions are filled using linear piecewise
interpolation. For missing entries occurring at the beginning
or the end of the recordings, the data is filled to the nearest
non-missing value. The raw data is filtered with a zero-lag
1st order Butterworth filter with a cut-off frequency of 10 Hz.
The initial offsets of the positions are removed and all the
datasets are normalized over time for a total cycle length of
3 s. The relative motion δx is calculated as the difference in
the position of the robot xrobot and the position of the arm
xhumerus;

δx = (xrobot − xhumerus) (1)

For each subject, the relative motion is averaged over the
10 cycles. The data shown in the results (section III) is the
average across all subjects.

Energy dissipation: The dissipated energy is calculated
by integrating the average interaction force along the average
relative displacement (averaged across subjects). This integral
corresponds to the area of the hysteresis loop of force and
relative motion.

Model estimation: To estimate the attachment stiffness
and damping the interaction was modelled as a mass-spring-
damper system (Fig. 7) described by the following second
order transfer function:

H(s) =
δx(s)

Fx(s)
=

1

ms2 + ds+ k
(2)

where δx(s) is the relative motion between the cuff and the
humerus and Fx(s) the force measured at the end-effector. The
coefficients m, k and d are respectively, the mass, stiffness, and
damping of the cuff and soft tissues. The mass is assumed
to remain constant and is equal to the mass of the cuff, the
stiffness and damping are a combination of interface- and
soft tissue compliance. For each pressure level, the model
(Eq. 2) is fitted to find the values of k and d that best

represent the experimentally obtained data of force and relative
displacement.

The model coefficients of stiffness and damping are esti-
mated with a continuous-time transfer function using time-
domain data, with relative motion as output data and force as
input data. The estimation was performed in Matlab (Math-
works, USA). For each individual, and for each pressure level,
two sets of data inputs and outputs are required, one for the
estimation and one for the validation of the model. Half of all
the recorded cycles are used to estimate the coefficients and
the other half to validate the model.

To estimate the coefficients the function requires a dataset
and an initial parametrization of the model. The parametriza-
tion sets the constraints and initial guesses for the parameters.
For the constraints, the mass is kept at a constant value of 0.7
kg, corresponding to the mass of the cuff. The damping and
stiffness coefficients are constrained to be positive;

k ∈ [0,+∞]

d ∈ [0,+∞]

m = 0.7

(3)

The initial stiffness and damping coefficients are set to
a default value of 0.1. The guesses for the numerator and
the mass coefficient are constrained to their initial values. To
simplify the estimation, the model is split up into a loading
and unloading cycle, i.e. a transfer model is estimated for the
loading and unloading separately. Afterwards, the stiffness and
damping coefficients are averaged.

For each subject, five transfer functions were estimated on
the training data, one for each pressure level. The validation
of the models is expressed in terms of normalized root mean
square error (NRMSE) calculated on the held-out test data.
The results shown in Fig. 12 are the goodness of fit computed
between the estimated model and the measured output for
each subject.

Perceived comfort: Comfort was rated for each pressure
level on a Visual Analog Scale. The VAS consisted of a
printed line of 10cm where the lower end was annotated
with ”low comfort” and the higher end with ”high comfort”.
The VAS score was measured with a ruler and subsequently
digitized.

Statistical analysis: To model the effects of pressure on
perceived comfort, stiffness, damping, and energy dissipation,
a linear mixed model was applied. This is common for
systems, where part of the variation can be explained by
fixed effects and part of it, is explained by random effects.
In this case, the pressure was modelled as a fixed effect
(parameterized as five discrete levels) and random subject-
level intercepts are modelled to account for correlations on
repeated measures. Statistical significance was set at p ¡ 0.05.
If the overall effect of pressure was significant, post-hoc paired
t-tests are conducted between adjacent pressure levels in case
of a monotone pattern (stiffness, damping, energy dissipation)
or between the optimal level and all other levels in case of a
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α

Fig. 6. Left: A 7 DOF robotic manipulator applies periodic disturbances to the arm from which relative displacements and forces are measured. The custom
made inflatable interface attached to the robot allows to modulate how tightly the interface is strapped, through a pressure controller indicated by P. Right:
Participants were asked to perform a ”free motion” while attached to the robot during 1 minute for five pressure levels. Discomfort was reported on a visual
analog scale for each pressure level. The motion of the robot was constrained to the plane α parallel to the sagittal plane.

Lumped impedance (soft tissues + interface)

Inflatable cuff

Humerus

XZ

F

plane

Fig. 7. The relative motion between the interface and the humerus bone
is modelled as a spring damper element, the axial attachment stiffness kx,
damping dx and a mass m of 0.7 kg.

convex pattern (comfort). This was done in R 4.0.2 [31] using
the lme4 package [32].

III. RESULTS

A. Relative motion and forces

In Fig. 8 the average relative motion as a function of the
average interaction force for each pressure level is presented.
The coloured ribbons indicate the mean absolute deviation.

In terms of average values across all subjects, we find the
highest total relative motion and the lowest peak interaction
force at the lowest pressure level, with values of 4.1 cm and
12.1 N, respectively. The relative motion is lower than the
5.0 cm applied by the robot since the participants are slightly
moving. At the highest pressure level, we find the lowest total
relative motion and the highest force, with values of 3.1 cm
and 32.5 N, respectively.

In terms of absolute peak values across all subjects, we
find the highest peak-to-peak relative motion of 4.7 cm at the
lowest pressure level and the highest peak-to-peak interaction
force of 93.1 N at the highest pressure level. The minimum
relative motion across all subjects is at the highest pressure
level with a value of 1.85 cm. The lowest peak force is found
at the lowest pressure level with a value of 16.7 N.

B. Energy dissipation

In Fig. 9 the average dissipated energy of each pressure level
is presented. The violin plots show the probability density.
The highest median dissipated energy is found at the lowest
pressure level with a value of 0.43 J. At the highest pressure
level, the median loss (0.25 J) is 42% lower. At the 50 mmHg
pressure level, we find losses of 0.34 J, compared to 0.27 J
for the 80 mmHg pressure level, or a reduction of 21% losses.

The standard deviation on these values is the smallest for the
highest pressure level, σE = 0.083 J compared to σE = 0.164
J for the 50 mmHg pressure level.

The likelihood ratio test revealed a significant effect of
pressure on stiffness (χ2

4 = 91.77, p = 2.2e-16). Paired t-
tests between all adjacent pressure levels indicated significant
decreases in dissipated energy except between the 0 mmHg
and 20 mmHg level (all p ≤ 0.034).

C. Stiffness and damping parameters

Fig. 10 and Fig. 11 present the stiffness and damping
coefficients, and in Table II the values of each individual can
be found. The lowest median stiffness is found at the lowest
pressure with a value of 893.5 N/m and the highest median
stiffness is found at the highest pressure level with a value of
2360 N/m.

The likelihood ratio test revealed a significant effect of
pressure on stiffness (χ2

4 = 167.26, p = 2.2e-16). Paired t-
tests between all adjacent pressure levels indicated significant
increases in stiffness (all p ≤ 6.0e-5). Because the trend
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Fig. 8. Relative motion between the cuff and the arm as a function of axial force is shown for each pressure level. The black line is the mean, the shaded
area around the mean is the mean absolute deviation. Increasing pressure in the inflatable cuff decreases maximum relative motion and increases peak forces.
The area inside the loop is a measure of the dissipated energy. Negative relative motion represents motion of the cuff towards the shoulder, positive relative
motion towards the elbow.
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Fig. 9. Energy dissipation in the cuff. Boxplots present quantiles of the
distribution. The dotted line represents a locally weighted regression smoother,
i.e. the expected average value, with its confidence interval.
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Fig. 10. Stiffness coefficients of the human-robot interaction (k). Dots are
outliers and boxplots present quartiles of the distribution. The dotted line
shows the linear fit with its confidence interval.
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Fig. 11. Damping coefficients of the human-robot interaction (c). Dots are
outliers and boxplots present quartiles of the distribution. The dotted line
shows the linear fit with its confidence interval.
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Fig. 12. Model normalized root mean square error. Dots are outliers and
boxplots present quantiles of the distribution. The dotted line shows the linear
fit with its confidence interval.

appears linear over the examined pressure levels, a linear
mixed model was fitted treating pressure as a continuous
variable. This revealed that the slope was 15.2 N/m per 1
mmHg (95%CI = [13.7; 16.6]).

For the damping coefficient no significant effect of cuff
pressure was observed (χ2

4 = 2.879, p = 0.578). The mean
value for damping across all pressure levels is 241.1 Ns/m.
Fig. 11 presents the fitted damping coefficients.

For the normal root mean square error of the model no sta-
tistical significance of cuff pressure was observed (p = 0.087).
The mean model fit across all pressure levels is 84.3%. In Fig.
12 the model fit is shown for each pressure level.

D. Perceived comfort

Fig. 13 presents a subjective comfort estimation on a VAS
for the different cuff pressure levels. The likelihood ratio test
revealed a significant effect of pressure on comfort (χ2

4 =
13.238, p = 0.010). The highest average comfort was observed
at 80 mmHg (6.8; 95%CI = [5.9; 7.8]) which was significantly
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Fig. 13. Visual Analog Scale outcomes for comfort (0 = low comfort; 10
= high comfort). Dots are outliers and boxplots present quantiles of the
distribution. The dotted line represents a locally weighted regression smoother,
i.e. the expected average value, with its confidence interval.

higher than the comfort at 0 mmHg (mean = 5.3, 95% CI of
the mean difference [-2.8; -0.4], p = 0.013), 20 mmHg (mean
= 5.4, 95% CI of the mean difference [-2.7; -0.3], p = 0.019)
and 100 mmHg (5.3, 95% CI of the mean difference [-2.8; -
0.3], p = 0.015). The difference between comfort at 50 and 80
mmHg was not statistically significant (95% CI of the mean
difference [-1.3; 1.1], p = 0.856).

IV. DISCUSSION

A. Connection stiffness and damping

As hypothesized higher pressure in the inflatable cuff
results in a stiffer attachment. A median attachment stiffness
of 2360 N/m was found for a 100 mmHg pressure level,
which is an increase of 50% relative to the 50 mmHg pressure
level with an attachment stiffness of 1578 N/m. This increase
in stiffness is reflected in a reduction of the relative motion of
the cuff relative to the arm and a maximization of the force
that can be transmitted. We found no statistical difference in
damping across different pressure levels.

Quantifying connection stiffness has important implications
in terms of safety, predictability, and robustness of exoskele-
tons. Relative motion can cause misalignments which are
detrimental to safe and comfortable operation. The quantifi-
cation is an important factor for exoskeletons since relative
motion is not measured during operation. Force and torques
at the joint level, however, can be monitored. By controlling
strapping pressure and measuring external forces, relative
motion can be predicted. This can be important in the case
of rehabilitation devices where relative motion and discomfort
have been reported [21],[33]. Another aspect is the fact that
some misalignment compensation strategies use the inherent
compliance of the braces and soft tissues as a mechanism to
cope with misalignment. By controlling strapping pressure,
this compliance can be controlled to fine-tune the interaction.
From a research perspective, and more specifically for studies
comparing and benchmarking exoskeletons, it is important to
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Subject Age Gender 0 mmHg 20 mmHg 50 mmHg 80 mmHg 100 mmHg

k d k d k d k d k d

1 29 m 749,0 233,8 956,7 227,8 1318,9 223,8 1540,8 196,5 1619,2 201,0
2 24 m 2460,5 330,8 2086,6 168,0 2243,2 167,8 2493,7 206,1 2529,4 187,7
3 32 f 866,8 162,9 1130,4 187,9 1690,2 177,5 2256,1 174,9 2359,8 189,8
4 25 m 671,2 211,9 936,3 210,4 1459,1 181,6 1788,0 178,7 1988,5 170,0
5 37 f 810,2 180,7 1086,1 176,0 1488,1 172,7 1798,8 289,8 1875,0 285,1
6 24 m 1496,6 305,5 1192,5 418,4 1497,9 446,7 1483,6 250,7 1568,8 284,4
7 27 m 975,9 228,3 1247,7 258,0 1657,6 267,1 2217,7 263,4 2507,8 271,1
8 23 m 1154,9 214,5 1176,7 198,5 1544,4 229,8 1612,7 216,6 1773,6 240,1
9 29 m 1306,1 368,8 1361,8 332,5 2382,0 388,1 3315,8 366,4 3839,5 358,9
10 28 f 1342,8 301,5 1687,1 267,5 2391,0 219,4 3194,4 273,6 3639,3 172,0
11 26 m 429,4 193,7 634,7 224,9 1391,7 322,5 2355,4 281,1 2672,8 314,2
12 30 m 745,1 216,6 1057,1 249,5 1895,2 263,5 2588,3 218,2 2740,0 225,6
13 27 m 885,4 181,2 1378,6 202,5 1873,8 192,2 2188,8 165,2 2229,9 187,4
14 22 f 804,0 259,8 980,3 279,9 1578,4 223,2 2023,5 196,2 2449,9 212,3
15 26 f 309,4 205,9 488,7 274,4 1156,7 393,4 2248,5 424,1 2453,8 338,4
16 29 f 893,5 193,3 1002,3 161,1 1564,1 186,2 1901,6 170,0 2167,4 170,4
17 39 m 1206,2 243,2 1385,9 217,2 1821,8 195,3 2140,2 213,3 2197,7 187,0
18 49 f 1077,5 263,1 1431,2 258,1 2033,5 281,6 2523,1 177,9 3322,9 320,3
19 28 m 1422,1 325,1 1610,0 291,5 2297,4 295,4 2854,7 279,8 3099,2 274,7
20 30 f 556,6 162,6 784,3 198,3 1476,2 186,5 1893,3 156,4 2081,9 167,0
21 49 m 1168,0 212,4 1382,2 207,0 1693,4 234,0 1947,2 192,8 2198,2 205,6
22 30 m 490,5 268,9 654,2 296,6 1504,4 392,7 2485,4 357,0 3055,0 294,4
23 25 m 1596,9 291,3 1760,4 283,8 2418,2 278,0 2990,4 242,2 3257,8 263,4
24 26 m 1115,9 191,5 1291,2 191,8 1361,8 195,8 1675,6 211,6 1652,2 197,3
25 26 f 607,2 180,0 887,6 226,1 1396,1 210,4 1805,3 227,0 2001,1 225,1

TABLE II: Estimated stiffness and damping coefficients for each participant.

monitor strapping pressure, since small differences in strap-
ping pressure can have a significant impact on connection
stiffness. In terms of commercial value, companies selling
exoskeletal devices should make sure users know, when ap-
plicable, which strapping pressure they are applying since
most of these devices will be self-donned and it is fair
to assume people will strap themselves at their preferred
strapping pressure. However, as shown, the spread on those
levels is significant, and thus the spread on connection stiffness
as well. Therefore, formalizing the donning procedure using
strapping pressure can make the operation of the device
more predictable in terms of connection stiffness. And finally,
from a design perspective, the method proposed in this study
allows engineers and researchers to assess different interface
designs in a data-driven manner with connection stiffness as
a performance metric.

As shown in Figs. 10 and 11, the spread on the stiffness
and damping coefficients are considerable. Besides the fact
that human soft tissues are known to vary significantly from
one person to another, other causes may be; first, involuntary
muscle contractions of the upper arm. Since the compliance
reported in this study is lumped into an attachment and soft
tissue compliance as depicted in Fig. 7, an additional error is
introduced.

Secondly, participants were asked to immobilize their arm
and body during the experiment. However, small motions are
unavoidable and since the position of the robot was controlled
relative to ground, this results in a reduction of the total range
of relative motion between the robot and the arm. In this way,
the participant can potentially dampen or stiffen the reaction.
A better solution would be to implement a relative motion
controller or an interaction force controller.

Thirdly, non-linear phenomena such as dynamic friction and
stiction between the cuff and the arm cannot be accurately
predicted by the presented model. This can be seen in Fig. 12
where the spread on the goodness of fit is the highest for the
lowest pressure level, where the cuff can still slide on the arm
without grasping the soft tissues.

Finally, even though the position of the robot relative to
the user is calibrated at the start of the experiment, some
participants adjusted their posture during the experiment which
results in a different orientation or position of the arm relative
to the robot and could thus lead to an increase or decrease in
stiffness or damping.

B. Energy dissipation
Higher attachment stiffness reduces the amount of energy

lost in relative motion. As shown previously in the results
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section, the preferred pressure levels are between 50 and 80
mmHg, which in terms of dissipated energy makes a relative
difference of 20%. This illustrates the fact that allowing
users to strap an exoskeleton based on perceived comfort can
potentially have an important impact in terms of effectiveness.
Although the dissipated energy is small in absolute terms, the
data should be interpreted with caution since, first of all, the
maximal relative motion in this experiment was approximately
4 cm axially to the arm. In [18] relative motion of up to 10
cm axially to the arm were reported. This amount of relative
motion can be expected to induce slipping which will increase
the amount of dissipated energy.

Secondly, in the case of a rigid exoskeleton, the relative
motion of one interface might induce motion of the other
interfaces, and lead to misalignment. The combined effects
can potentially be the source of important energy sinks. The
presented method could identify weak links in the interface
design.

C. Perceived comfort
As hypothesized we found an optimal pressure level in

terms of perceived comfort, which lies between 50 to 80
mmHg, as shown in Fig. 13. When we compare this with the
results on dissipated energy, we can see that the 50 mmHg
pressure level is the level where dissipated energy is being
reduced compared to the 0 and 20 mmHg pressure level. This
clearly suggests that relative motion is an important factor
for discomfort. However, there is a limit to the pressure level
that can be applied since perceived comfort starts to decline
from 80 mmHg on.This is consistent with a study reporting
cuff pain pressure threshold for the upper arm starting around
112 mmHg, although this threshold depends on many factors,
such as age and gender [34]. Important to consider is that
the perceived comfort assessments were taken for a dynamic
task. The free-motion exercise carried out by the participants
was to ensure participants were moving with the cuff, thus
depending on the pressure level, the relative motion would
occur and the participant would give a weighted assessment
between the discomfort associated with static pressure and
the discomfort associated with relative motion. In the case
of a static exercise, these assessments would likely result in
different outcomes since no relative motion occurs, a lower
pressure level is most likely preferred. This could indicate
the potential for actively controlled interfaces that, in order to
optimize comfort or performance, adapt pressure depending
on the task or activity performed by the user.

Another aspect, is the donning and doffing of exoskeletons
which is often cited when discussing human-robot interfaces
[35], [36], [2]. Most of the time, interfaces need to be strapped
and tightened, and making these connections can be time-
consuming. Actively controlled interfaces could potentially
eliminate an important portion of that time by automatically
adjusting strapping pressure.

And as a final point, in practice, a user will likely strap
the exoskeleton with a self-selected strapping pressure based
on perceived comfort. As shown in this study, the variation
in preferred pressure can be converted into a variation in con-
nection stiffness. Therefore, when comparing or benchmarking

exoskeletons, strapping pressure should be monitored. This is
not yet evident as interfaces do usually not have integrated
sensors [37] but it is very likely to become a norm in the
foreseeable future.

V. CONCLUSION AND FUTURE WORK

In this study, we presented a novel characterization method
for physical interfaces based on a torque-controlled cobot
and a soft robotic cuff to analyse connection stiffness. Our
experiments showed that strapping pressure affects connection
stiffness and damping, energy dissipation, and perceived com-
fort for dynamic tasks. Moreover, a trade-off was identified
between connection stiffness and comfort. An optimum in
terms of perceived comfort was found in the mid-range of
the tested pressure levels. Increasing pressure above these
levels can significantly increase connection stiffness but at the
detriment of comfort. We argue that, in the future, experiments
on comfort should include static and dynamic tasks, whereby
the potential benefits of actively controlled interfaces can be
demonstrated. Further research should also investigate how
connection stiffness is affected in other directions than the
longitudinal direction. The method shown in this study could
provide the means to analyse other aspects of interface design
that pertain to perceived comfort and force/torque transmis-
sion.
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