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Designing a comfortable and secure arm fixation for robotic upper limb assessment
in stroke rehabilitation

Abstract— Background and research objective -
Approximately 80% of stroke patients experience upper
limb motor impairments, including spasticity, muscle
weakness, and abnormal synergies, which complicate
daily activities. Accurate quantification of motor
impairments is essential for optimizing rehabilitation
strategies after a stroke. Objective and automatic
assessment can be achieved with robotic devices. The
Shoulder Elbow Perturbator (SEP) applies controlled
mechanical perturbations to assess elbow and shoulder
impairments. During these measurements, the wrist
is fixated using plastic clamps with foam padding.
But these clamps cause discomfort, positioning
inconsistencies, instability, and unintended hand
movemen. This study aims to design and evaluate an
alternative fixation method for securing the arm in the
SEP.

Method and results - A design thinking approach
was applied. During brainstorming, concepts focused
on arm conformity, rigidity, load distribution, and
unrestricted elbow rotation. Based on a Harris profile,
a lightweight vacuum brace was developed into a
functional prototype, and clamps were redesigned to fit
the brace. Validation experiments were performed with
eight healthy participants tested in the SEP with both
the vacuum brace and original rigid clamps. Comfort
was assessed via questionnaire. Additionally, SEP angle
and torque, and arm motion capture data were collected.
The vacuum brace significantly reduced discomfort from
severe to slight. SEP and motion capture data showed
comparable fixation stability during multisine tasks.
During passive stretch trials, lower intraclass correlation
coefficients for stiffness estimation increased elbow
displacement, and occasional movement within the
clamps were observed with the brace, indicating
reduced fixation performance.

Conclusions - The vacuum brace improved participant
comfort during robotic assessment of upper limb motor
impairments. Fixation stability was comparable during
multisine perturbation tasks but reduced during stretch
tasks, likely due to the current clamp design.

I. INTRODUCTION

A. Motor impairments in post-stroke patients

Stroke, also known as a Cerebrovascular Accident
(CVA), is a leading cause of adult disability in Europe
[1] and a major cause of mortality worldwide [2]. Stroke
survivors often deal with various motor impairments,
including muscle weakness, spasticity, and abnormal
muscle synergies [3]. Spasticity is a motor disorder
characterized by a velocity-dependent increase in
muscle tone and exaggerated stretch reflexes [4].
Muscle synergies are coordinated activation patterns
of muscles during movement. Healthy synergies are
often disrupted as a consequence of the stroke lesion,
while atypical or inefficient synergies develop due
to cortical reorganization and the emergence and
upregulation of alternative descending pathways [5].
Approximately 80% of stroke patients experience
some degree of motor impairment in the upper limbs
[6]. This leads to discomfort and significant difficulties
in daily activities such as personal care, eating,
drinking, and managing household responsibilities

[7]. For example, arm spasticity hampers smooth,
controlled motion required for tasks such as dressing
or eating. Similarly, abnormal synergies, such as
involuntary coupling of shoulder abduction with elbow
flexion, limit the ability to perform isolated joint
movements. This makes it difficult to reach, grasp, or
manipulate objects independently.

Accurate quantification of motor impairments is
essential for optimizing rehabilitation strategies after a
CVA [6]. Currently, these impairments are assessed
using various manual clinical tools, including the
Modified Ashworth Scale (MAS), Modified Tardieu
Scale (MTS), and the Fugl-Meyer Assessment (FMA)
[8]. Despite their widespread use, these assessments
are subjective and dependent on the observations and
scoring of the examiner. This introduces limitations
such as poor reliability, restricted validity, and a lack
of detailed information [8]–[11]. These issues highlight
the strong need for more objective, valid, and reliable
methods to assess motor impairments [10,12,13].

B. Robotic assessment: Shoulder Elbow Perturbator

Robotic devices equipped with advanced sensors and
control systems present a novel and effective approach
for quantifying motor impairments in post-stroke
rehabilitation. These devices facilitate semi-automated
assessments, offering a promising alternative to
traditional manual clinical evaluations. Automated
devices take away the subjectivity of the physician and
thereby ensure more reliable results. Existing robotic
devices assessing motor impairments are capable
of providing objective, quantitative measurements,
delivering consistent data on the motor function of a
patient [12].

The Shoulder Elbow Perturbator (SEP - Hankamp
Rehab, Enschede, The Netherlands, Figure 1)
exemplifies such a robotic device. The SEP is
designed to control the elbow joint angle while
partially compensating for the weight of the arm. It
incorporates a direct-drive servo motor connected
to a lever that supports the forearm and facilitates
controlled elbow rotation. A spring-based mechanism
within the system provides compensation for shoulder
abduction, thereby reducing the gravitational load on
the arm. This enables the isolation and quantification
of abnormal synergies between shoulder and elbow
movement. The system continuously measures
resistance forces and angular positions, which are
then converted into elbow torque and elbow angle.
These measurements allow the SEP to objectively
assess muscle weakness, abnormal movement
synergies, spasticity, and changes in the viscoelastic
properties of the elbow joint. [14]. To enable these
assessments, the SEP is capable of applying
various types of mechanical perturbations during
measurement tasks:



Fig. 1: A participant seated in the SEP with the forearm
securely fixated with a clamp (1) and the shoulder abducted
to 80°. The participant is strapped into the chair, and an
emergency button is placed on the upper leg for safety [14].

• Free movement: The arm is allowed to move
without external perturbation, allowing for baseline
assessment of voluntary range of motion.

• Passive stretch: The SEP imposes slow or fast
rotations of the elbow joint, typically from flexion
to extension, while continuously recording the
resulting resistance torque. This data allows for
the estimation of parameters associated with
passive tissue properties and spasticity, including
joint stiffness and the detection of velocity-
dependent reflex activity.

• Multisine perturbations: Low-amplitude,
continuous multisine (MS) perturbations are
applied to the elbow joint to excite the elbow
across a broad frequency range. The resulting
torque and angle data sets are used in system
identification to estimate dynamic joint parameters
such as inertia, damping, and stiffness, providing
a detailed characterization of the mechanical
response of the joint during movement.

These perturbations can be applied during various
task conditions:

• Relax task: The participant is instructed to remain
passive, allowing the evaluation of the mechanical
properties of the joint in the absence of voluntary
muscle activity.

• Resist task: The participant actively resists
perturbations, increasing joint stiffness and
enabling the assessment of voluntary control
mechanisms.

• Targeted resistance force task: The participant
maintains a predefined level of resistance force,
for example by matching a visual target. This
condition allows for assessment of joint behavior
under controlled muscle activation.

Through these combinations of perturbation type
and task condition, the SEP facilitates the detailed
characterization of joint impedance mechanisms.
Specifically, it enables the estimation of mechanical
parameters such as joint stiffness, damping, and
inertia, which are relevant to clinical phenomena
including muscle weakness, abnormal synergies,
spasticity, and altered viscoelasticity [15].

Fig. 2: Current SEP attachment configuration for securing
the arm. Components: pink : 3D-printed clamps, yellow : soft
foam padding, blue: rotating knob for clamp adjustment,
green: emergency release mechanism.

C. Attaching a subject in a robotic device

Effective fixation of a subject within robotic assessment
devices, or rehabilitation exoskeletons, is crucial to
prevent misalignment issues that negatively influence
natural human limb coordination and introduce
significant interaction uncertainties [16,17].

Specifically, to perform measurements with the SEP,
the forearm of the subject must be accurately aligned
and securely fixated to the SEP arm. Figure 2
illustrates the attachment method of the SEP. The
medial epicondyle of the elbow is positioned at the
pivot point of the SEP lever, with the shoulder abducted
to 80°. The wrist is secured using a 3D-printed plastic
clamp lined with foam padding [14]. The clamp can be
adjusted along the length of the lever to accommodate
different arm lengths and includes an emergency
release mechanism for safety. However, this fixation
method presents several limitations:

1) Discomfort: To ensure that the arm moves in
unison with the SEP lever, the clamp must be
tightly secured. Anatomical variations frequently
lead to localized pressure points, particularly
around bony landmarks at the wrist. This causes
discomfort during prolonged measurement
sessions required for SEP protocols [18]. In
stroke patients, compromised skin integrity and
spasticity contribute to impaired blood circulation
and increased skin sensitivity. These factors
collectively elevate the risk of pressure-induced
injuries and discomfort even more [19].

2) Positioning inconsistencies: Variability in the
positioning of the clamp on the forearm and
imprecise alignment between the elbow joint and
the axis of rotation of the SEP can lead to
a mismatch between the angular position of
the arm (θarm) and that of the SEP (θSEP),
as shown in Figure 3. This misalignment
distorts the applied torque perturbations and
can introduce measurement errors. When the
subject is consistently misplaced in the SEP, these
errors become systematic. When the subject is
positioned differently across trials or subjects,
this introduces random variability, reducing the
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Fig. 3: Illustration of the arm of a subject positioned in the
SEP, with the main movement directions of the SEP indicated
in orange. Point A shows correct elbow alignment in the SEP.
Point B indicates where the wrist is secured within the clamp.
The effect of misalignment in the x-direction between the
elbow joint (A*) and the origin of the rotational axis of the
SEP (O) is shown. This misalignment causes a difference
between the angular position of the arm (θarm) and that of
the SEP (θSEP).

reliability and reproducibility of the measurements.
Both effects limit the accuracy and consistency of
measurements.

3) Instability during measurements: During applied
perturbations, small shifts of the arm or elbow
can occur due to insufficient fixation stability.
Internal movement of the forearm within the clamp
may introduce unintended dynamics, which can
interfere with the accurate estimation of joint
parameters

4) Hand movements: The clamps only secure
the wrist, which allows for wrist abduction
and adduction and permits small, unintended
movements of the hand. Trembling or passive
motion of the hand may introduce additional
inertia or dynamic artifacts into the system,
interfering with accurate joint parameter
estimation.

Other robotic devices for assessing motor impairments
of the upper extremity typically use straps to secure the
subject within the device [20]–[22]. For the SEP, such
fixation methods do not provide sufficient mechanical
stability for accurate dynamics identification. Straps
are partially elastic and allow minor positional shifts,
preventing rigid coupling of the arm to the device. This
lack of rigidity potentially introduces additional dynamic
behavior that interferes with the accuracy of parameter
estimations. A combination of straps and holding a
joystick is commonly used in devices such as the
ArmeoSpring, ArmMotus, and W-EOD [23]–[25]. But
this approach is unsuitable for the SEP, as relaxation
taks measurements require the arm to remain
completely relaxed. Holding a joystick induces muscle
activation, compromising measurement validity.

An alternative fixation method was presented by
van der Krogt et al. [26], who immobilized the wrist
using a custom-fitted fiberglass cast. This provides
both comfort and secure attachment. Yet, producing
and applying fiberglass casts is time-consuming and
requires specialized removal tools such as a cast

saw. Furthermore, they are not reusable, making
them impractical and costly for repeated use in
clinical settings, where efficiency, cost-effectiveness,
and sustainability are essential.

D. Research goal

This thesis project aims to design and validate an
attachment method that securely fixes and accurately
aligns the arm of the patient in the Shoulder
Elbow Perturbator, while maintaining comfort during
robotic assessment. The design must be practical
and suitable for clinical environments, including
rehabilitation centers and hospitals. Improving the
attachment system will enhance the reliability and
clinical applicability of the SEP by enabling accurate,
repeatable, and patient-friendly assessments of motor
impairments in the upper limb.

The attachment should be optimized for key
measurement scenarios commonly performed with the
SEP, such as slow and fast passive stretch movements
and continuous multisine perturbations, under varying
task conditions including relaxed, resistive, and
targeted resistance force tasks. Performance will be
evaluated and compared to the original fixation method
based on patient comfort and the technical quality of
the measurements, focusing on positional stability and
reproducibility.

II. DESIGN

A. Method

A design thinking approach was employed to
develop a suitable attachment design for the SEP.
This methodology consists of six distinct phases:
empathize, define, ideate, prototype, test, and
implement [27]. In the context of this project,
the process progressed up to and including the
test phase. The approach was iterative, enabling
transitions back to earlier stages when necessary.
This flexibility supported a deeper understanding of
user needs, refinement of the problem definition,
and ongoing improvement of proposed solutions
throughout the design process.

B. Requirements

After analyzing the problems of the current fixation
method and the functionalities of the SEP, a
comprehensive list of requirements and preferences
was compiled. The requirements represent essential
user needs that must be met for any proposed
concept to be considered viable. Some requirements
are associated with corresponding preferences, which
describe desirable features that can further enhance
the design and distinguish a good solution from
an excellent one. Each requirement is categorized
to indicate its origin or purpose within the project.
The requirements were refined throughout the
design process based on new insights and practical
considerations. Table I presents the final list of
requirements and preferences.
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TABLE I: Overview of design requirements and preferences

Subject Requirement Preference Category

1. Fixation The design must ensure that the pivot point
of the elbow of the patient (Figure 3, point
A) remains within a tolerance of ±1 cm of the
pivot point of the SEP (Figure 3, point O) in
the Z-plane throughout the measurements.

The design should minimize the displacement
of the pivot point of the elbow of the
patient (point A) in the Z-plane throughout
measurements. Aiming for 0 cm displacement
relative to the pivot point of the SEP (point O,
Figure 3).

Measurement
accuracy

The design must ensure that the wrist of
the patient (point B, Figure 3) remains within
a positional tolerance of ±1 cm relative
to the SEP lever in the y-direction, and
within a rotational tolerance of ±5° for
supination/pronation and wrist ab/adduction
during measurements.

The design should minimize wrist
displacement (Figure 3, point B)
during measurements, targeting 0°
pronation/supination and 0 cm y-direction
displacement relative to the SEP lever. It
must also minimize unintended dynamic hand
motion caused by oscillations.

Measurement
accuracy

2. Patient
configuration

The design must ensure that the arm of the
patient is supported in a relaxed, passive
position, with the elbow flexed and the forearm
either pronated or demi-pronated. With the
elbow (Figure 3, point A) and wrist (Figure 3,
point B) within ±1 cm tolerance of the SEP
lever in the Z-plane.

Patients should be configured in the SEP as
consistently as possible, ensuring repeatable
alignment and reliable measurements.

Measurement
accuracy

3. Comfort The design must ensure that the patient
can remain positioned in the SEP for at
least 30 minutes without experiencing physical
pain lasting more than 30 minutes after the
session.

The design should optimize comfort for
individuals after stroke by minimizing pressure
points, preventing skin irritation or shear,
and maintaining proper circulation during
prolonged fixation.

Comfort

4. Attachment
time

The attachment process should not last more
than 5 minutes.

The attachment time should be as short as
possible.

Feasibility

5. Weight The design must not exceed 2 kg. The design should be as lightweight
as possible to avoid influencing SEP
measurements.

Measurement
accuracy

6. Inertia - Measurement
accuracy

7. Sustainability - The design should be as sustainable as
possible, using durable materials and allowing
for repeated use across patients.

Sustainability

8. Hygiene The design must comply with MDR hygiene
standards [28].

The design should be as easy and quick to
clean as possible.

Regulations

9. Costs - The manufacturing and implementation costs
should be as low as possible.

Feasibility

10. Interference The design must not interfere with the
movements of the SEP (indicated by the
orange arrows in Figure 3) or with the
associated joint movements of the participant,
including shoulder abduction, internal and
external rotation, and elbow flexion and
extension.

- Measurement
accuracy

11. Mechanical
failure

The design must withstand 40 Nm torque
generated by the SEP without failure.

- Feasibility

12. Patients The design must fit wrists circumferences from
13–21 cm [29] and forearms lengths from
21.87–31.6 cm (P5–P95 population, [30]).
Patients with open wounds or skin conditions
are excluded.

- Feasibility

13. Safety The patient must be released from the SEP
within 10 seconds in case of emergency, in
line with MDR requirements.

- Regulations

C. Brainstorming

To generate ideas for the design, a structured
brainstorming session was conducted, complemented
by an exploration of existing fixation methods in similar
robotic measurement devices. The ideation process
focused on ensuring precise alignment of the elbow
and arm, and achieving a secure yet comfortable
fixation of the forearm within the SEP. During
the brainstorming phase, the problem was divided
into two distinct components: a force-distributing
element for the arm of the subject (force distribution
component) and a mechanism that attaches the arm

securely to the SEP (attachment component). This
division was deemed necessary, as designing the
attachment mechanism without first understanding the
interface with the arm would be impractical. Initial
efforts concentrated on creating the force distribution
component. This component would later be integrated
into the separate attachment component. Sketches
and ideas forming the design landscape are shown
in Appendix A.

The three most promising ideas for the force
distribution component were evaluated using a
Harris profile [31], considering the seven predefined
preferences in Table I. Additionally, a personalized
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Fig. 4: Illustrations of the concepts used for the Harris profile

fiberglass cast, used in similar robotic research
applications, was evaluated using the same Harris
profile. This ensured that the proposed designs aimed
to improve upon a personalized fiberglass cast. The
evaluated concepts, shown in Figure 4, are:

• General 3D Printed Brace: This concept involves
a standardized wrist brace 3D-printed using a rigid
plastic material. The brace would be available in
three standard sizes to accommodate different
arm dimensions. The brace is reusable and can
be cleaned with a wipe between uses. However,
it is not custom-fitted to individual users, which
may result in pressure points or poor fit for
some patients, potentially reducing the degree of
fixation.

• Vacuum Brace: The vacuum brace is an existing
concept [32]–[35] that consists of a vacuum bag
filled with expanded polystyrene (EPS) beads.
This flexible bag is wrapped around the arm of
the patient and secured. Air is evacuated from the
bag using a specialized pump, causing it to stiffen
and mold to the arm of the patient. This principle
would be adapted to ensure compatibility with the
SEP system.

• Inflatable air Splint: An air splint is another existing
concept [36]. It consists of a double-walled,
airtight cylindrical material placed around the
forearm of the patient. A pump inflates the splint
through a connected tube, causing it to expand
and conform to the wrist of the patient. When
sufficiently pressurized, the wrist is immobilized,
but this might compromise blood circulation. This
concept would also be modified to make it suitable
for use with the SEP.

• Fiberglass Cast: Fiberglass casts are commonly
used for immobilizing joints or limbs, such as in
the case of fractures [37]. The process involves
wetting a fiberglass roll, which is then applied

over a sleeve around the wrist of the patient.
The fiberglass molds to the arm, dries, and
hardens. This concept is non-reusable and must
be custom-applied and removed with a special
cast saw for each individual.

Based on educated guesses, the Harris profiles were
completed, as shown in Appendix B. The analysis
indicated that the vacuum brace concept demonstrated
the highest overall potential. Consequently, this design
was selected for further development in the prototyping
phase.

D. Prototyping

Existing vacuum braces (CME - Vacuüm armspalk,
Meber - Halley 884, PAX - Vacuümspalk voor
onderarm, Schmidt GmbH - RESCUEFORM OPTIVAC
2.0, Ambulancemed - Vacuum splint set, Ferno Norden
- Vacuum splint set Blue line) are generally large, with
the shortest models measuring approximately 45 cm.
These braces often extend beyond the hand and
over the elbow. This would restrict elbow movements,
limiting the range of motion during SEP measurements
and compromising measurement quality. To meet the
predefined requirements, a prototype vacuum brace
was developed to assess the feasibility of this concept.

A series of iterative prototypes was developed,
each refined based on identified limitations and
implemented improvements. Throughout this process,
the design was continuously evaluated against the
defined requirements, and different design choices
were made to optimize performance. A summary
of the different prototype iterations is shown in
Appendix C. Design choices and validation steps in
the prototype process will be explained in the following
sections: Dimensions, Fixation, Patient configuration,
and Attachment component.
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Fig. 5: Illustration of elbow displacement under short and
long brace configurations, assuming identical soft-tissue shift
at the proximal end of each brace.

E. Dimensions

The determination of the brace length was based on a
combination of anthropometric data, mechanical force
distribution, soft tissue behavior, and extrapolation.
A brace can apply a finite pressure to the wrist
before discomfort occurs. Increasing the brace length
distributes this pressure over a larger area, improving
comfort and enhancing restriction of unwanted forearm
motion. As illustrated in Figure 5, assuming identical
soft-tissue shift, a longer brace better restricts elbow
displacement due to extrapolation. For these reasons,
a brace that extends proximally as far as possible
is preferable from a stability and force distribution
perspective

Yet, the brace must not obstruct elbow flexion
during SEP measurements. To ensure adequate
forearm support without limiting elbow flexion, the final
dimensions were based on anthropometric data from
the 5th percentile female and 95th percentile male
populations [38].

Derived from the 5th percentile female forearm
length of 21.87 cm [30], the proximal length of
the brace was limited to approximately two-thirds of
this value, resulting in 14 cm from the wrist. This
provides sufficient support without interfering with
elbow flexion. To minimize undesired hand dynamics
during measurements, a distal extension was added to
support the hand. Based on 95th percentile male hand
dimensions, the wrist-to-grip length was estimated at
8.6 cm [30]. The distal extension was set to 10 cm
to provide partial support. Combined with the 14 cm
proximal length, this resulted in a total brace length of
24 cm.

To account for variations in forearm dimensions,

the brace circumference was based on elbow
circumference data. According to McDekker et al. [39]
the range is approximately 25.2 to 33.0 cm. To
accommodate this range and material thickness, the
circumference was set to 35 cm. For individuals with
smaller arms, overlapping material ensures a secure
and adjustable fit.

F. Fixation

As outlined in the design requirements, undesirable
movements include wrist pronation/ supination,
adduction/abduction, and forearm translations relative
to the SEP lever. To prevent these degrees of freedom,
the fixation must eliminate such motion within the
brace itself. This can be achieved by ensuring that the
brace conforms closely to the geometry of the arm
of the subject and subsequently becomes rigid upon
vacuum extraction of air from the EPS bead-filled
vacuum chamber.

The quantity of EPS beads inside a vacuum bag
determines the stiffness of the brace after vacuum
application. However, to meet comfort requirements
and ensure practical mounting to the SEP, the brace
should not be excessively thick. Increased thickness
leads to heat retention and complicates attachment
procedures. Based on these considerations and
preliminary manual testing, a thickness of 2 cm was
selected, corresponding to approximately 1300 ml of
EPS beads.

Initial bending tests on a flat, vacuum-sealed bag
showed that the EPS beads tended to distribute
unevenly, creating stiff regions with high density
and weak zones with low material concentration. To
mitigate this, a compartmentalised inner structure
made of elastic fabric was introduced to ensure an
even distribution of EPS beads. Vertical compartments
improved bead distribution, but significantly reduced
transverse stiffness, making the brace prone to folding
along its circumference.

Rotating the compartments by 45 degrees into
a diagonal layout resulted in balanced stiffness
in both directions, with a longitudinal modulus of
1.29 MPa and a transverse modulus of 1.20 MPa. This
configuration provided sufficient structural stability. The
full bending test calculations and results are presented
in Appendix E.

To properly shape the brace to the contour of
the arm before applying vacuum, circumferential
drawstrings were used. Although the flat material is
relatively stiff, it lacks shape stiffness when wrapped
around the arm, allowing it to shift or fold over itself. To
prevent this, structural straps were added to reinforce
the U-shape into a rigid, closed O-shape, providing the
necessary cylindrical form stiffness. Three structural
straps and clamps were positioned proximally, distally,
and at the wrist to maintain overall stiffness and
prevent deformation.

G. Patient configuration

To achieve consistent wrist alignment within the
brace, several methods were evaluated. Based on
considerations of simplicity, versatility, and ease of
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cleaning, a single reference line was selected. This
line, drawn in contrasting color on both the inner and
outer surfaces at the level of the wrist indents, ensures
correct wrist positioning within the brace. The external
reference line also enables alignment of the brace with
the SEP attachment, ensuring consistent positioning of
the arm relative to the device. Details on the evaluated
alignment methods are provided in Appendix F.

H. Attachment component

During prototype development, it became evident
that the existing SEP clamp mechanism could be
retained, requiring only dimensional adaptation to the
vacuum brace geometry. Accordingly, the clamp was
redesigned in SolidWorks with an increased diameter
and grip length. Based on the 35 cm circumference
of the vacuum brace, a clamp diameter of 10 cm was
selected to accommodate the brace. To enlarge the
contact area and enhance fixation stability, the clamp
width was extended to 8 cm. The final clamp geometry
is presented in Appendix G. These dimensional
modifications were used for the fixation of the vacuum
brace in the SEP.

I. Final design

The prototyping phase resulted in the final vacuum
brace design and the redesigned clamps. Figure 6
provides an overview of the final design, including
its main components. The drawstrings are used to
conform the brace to the shape of the arm. The straps
with integrated clamps ensure a strong O-shape. The
alignment indication line is included to position both the
wrist and the clamps accurately. The valve is located
to allow easy connection to the vacuum pump while
avoiding interference during use. Additionally, a small
pocket is incorporated to store the excess length of
the drawstrings, preventing entanglement during SEP
perturbations. The redesigned clamp was 3D printed
in PLA with a high infill density to maximize strength.
After support removal, the red alignment line was
added for positioning of the vacuum brace inside the
clamps. Detailed step-by-step instructions for fitting the
brace to the forearm are available in Appendix H, and
a full description of the fabrication process and details
are presented in Appendix I.

III. VALIDATION

A. Experiment

To evaluate whether the vacuum brace outperforms
the existing attachment method in terms of fixation
stability, hand movements, and patient comfort, a
small-scale experiment was conducted. During this
experiment, both the existing design and the newly
developed vacuum brace prototype were tested
and compared under identical conditions. For this
experiment, an HREC amendment for the existing
HREC of the SEP was requested and approved.

B. Participants

Eight healthy participants (ages 20–62), including
three males and five females, were recruited for
the experiment. All participants were right-handed,
had no history of elbow impairment, and provided
informed consent after reading the participant
information document (Appendices J and K) before
participation. The participants represented a range of
arm dimensions, as listed below:

• Wrist circumference: 15–18 cm
• Forearm circumference: 21–27.5 cm
• Forearm length: 23–31 cm

C. Materials

The Shoulder Elbow Perturbator was used as the
robotic device to apply mechanical perturbations and
perform all measurements in this study.

An OptiTrack motion capture system (NaturalPoint
Inc.) equipped with three cameras was set up to
ensure complete visibility of the arm of the participant
from all relevant angles. This system detects and
identifies reflective markers within the capture volume,
enabling high-precision tracking of arm movements
during SEP measurements.

D. Experiment setup

Reflective markers were placed on anatomical
landmarks to track elbow position, forearm rotation,
and hand displacement. Whenever possible, markers
were positioned on bony landmarks to maximize
accuracy and reproducibility. At least three markers
per segment were used to form clusters, identifying
body segments [40]. In cases where the brace
interfered with placement on the fingers, the distal
finger markers were shifted slightly toward more
accessible locations. Markers were positioned on the
left and right sides of the clamp to track the movement
of the SEP lever. Due to obstruction from the wrist
clamps, markers could not be placed directly on the
wrist. Figure 7 (A) illustrates the marker configuration
used:

1) Acromion process of the shoulder
2) Lateral epicondyle of the elbow
3) Olecranon of the elbow
4) Forearm: as distal as possible within the

constraints of the brace
5) Left and right sides of the SEP clamp
6) Base of the index finger
7) Base of the ring finger
8) First knuckle of the middle finger

The arrangement of the OpiTrack cameras ensured
optimal coverage and marker visibility throughout the
measurement process. The setup of the experiment
and OptiTrack cameras is shown in Figure 7 (B).

E. Protocol

Before starting measurements with a participant, two
reflective markers were attached to the SEP. One
marker was placed at the pivot point of the lever, and
the other at the distal end of the lever. A short motion

7



Fig. 6: Overview of the final vacuum brace and clamp design.
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Fig. 7: A: Marker placement on the arm and hand of the participant during SEP measurements. B: Experimental setup
showing the three OptiTrack cameras and their tracking volume. A participant is positioned in the SEP, looking at a monitor
containing feedback during the measurements.

capture recording was taken to ensure the spatial
positioning of the SEP lever was identified.

Participants were encouraged to ask questions and
informed that they should immediately report any pain
or significant discomfort during the testing procedure.
Each participant performed the SEP measurement
protocol twice: once with the original clamp-only setup
and once with the vacuum brace and redesigned
clamps. The order of these tests was randomized for
each participant. For hygiene and practical reasons,
a tubular arm bandage was first placed on the
arm before the brace was applied, as described in
Appendix H.

Wrist circumference, forearm circumference, and
forearm length were measured using a standard
measuring tape and noted for each participant.
Reflective markers were attached to the participant at
predefined locations. The participant was seated in a
stationary chair positioned next to the SEP. The right
arm of the participant was placed into the SEP at an
abduction angle of approximately 80 degrees and a
flexion angle of approximately 70 degrees. The medial
epicondyle of the elbow was aligned with the pivot
point of the SEP lever. The wrist clamp was adjusted
to the length of the arm, in case the participant was
wearing the vacuum brace, the red indication lines
were aligned with those on the clamp. The clamps
were tightened securely at the wrist, providing firm
attachment without causing more than mild discomfort.

The SEP measurement protocol included the
following steps:

• Setting the maximal flexion and extension angles.
• Maximum voluntary torque (MVT) measurements:

Three trials of 5 seconds each, with 10 seconds
of rest between trials, and a rest period of 30
seconds at the end.

• Multisine relaxation task: One trial of 220
seconds, using a 5◦ amplitude multisine velocity
perturbation containing logarithmically spaced
frequencies between 0.1 and 50 Hz with equal
power at all frequencies. Followed by a rest period
of 30 seconds at the end.

• Multisine resistance tasks: Two trials of 120

seconds each, using a 5◦ amplitude multisine
torque perturbation containing logarithmically
spaced frequencies between 0.1 and 50 Hz with
equal power at all frequencies. 30 seconds of rest
between trials and at the end.

• Stretch tests: Six trials of passive elbow stretching
from flexion to extension at two speeds (6◦/s and
200◦/s) and three activation levels (0%, 25%, and
50% of the MVT). Each combination was repeated
three times. A rest period of 15 seconds was
provided between each combination.

Visual feedback was provided on a monitor. During the
maximal voluntary torque testing the monitor showed
when the participant should give their maximal force.
During the stretch tests, the target force was displayed
alongside the actual force exerted by the participant.
This allowed the participant to adjust their effort in real
time.

After finishing the measurement protocol,
participants were then asked to complete a short
questionnaire (Appendix L) consisting of Likert-scale
items and open-ended questions regarding their
comfort during the measurement.

F. Data analysis

Using Microsoft Excel, Matlab, and Motive, data
analysis of the results from the experiments focused
on the predefined attachment issues:

1) Discomfort
Comfort of the participant during measurements
is assessed using the data from the comfort
questionnaire:

• Likert-scale ratings: For each questionnaire item,
the mean score was calculated for both the clamp-
only and vacuum brace conditions. Two-sided
Student t-tests were performed to assess whether
differences in ratings between conditions were
statistically significant.

• Open-ended responses: Answers were
qualitatively reviewed to identify the origin of
discomfort and specific protocol phases with
peak discomfort.
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Additionally, the mean maximum voluntary torque of
all participants was compared between the clamp-
only and vacuum brace conditions using two-sided
Student t-tests. Reduced torque during the initial MVT
measurements could occur due to pain or discomfort
experienced by the participant.

2) Instability during measurements
To evaluate stability during measurements, differences
between the measurements with and without the
vacuum brace were analyzed across several aspects:
translational displacement of the elbow, supination and
pronation of the forearm, system identification data
quality during multisine perturbation tasks, and the
repeatability of stiffness estimation in the stretch tasks.

OptiTrack marker trajectories were used to quantify
elbow displacement relative to the SEP pivot point. For
each trial, the position of the lateral epicondyle marker
in the XY plane was evaluated with respect to the
SEP pivot marker. To assess elbow movement stability
independently from the accuracy of initial alignment on
the SEP pivot, the velocity of the epicondyle marker
in the Z-plane was computed. The root-mean-square
(RMS) of this velocity was calculated for each task
using the formula below, where N denotes the number
of samples within a given task, and v represents the
instantaneous velocity in the Z-plane:

RMS(v) =

√
1
N

N

∑
i=1

v2
i (1)

To evaluate forearm supination and pronation,
OptiTrack marker trajectories of the forearm and
the left and right clamps of the SEP were used. A
coordinate system was constructed based on these
markers to determine the anatomical rotation axis of
the forearm and compute torsion over time. For each
task, the maximum supination and pronation angles
were calculated for both conditions: clamp-only and
with the vacuum brace. A detailed description of the
coordinate system definition and the computational
procedure is provided in Appendix M.

For the MS perturbation tasks, power cross-
spectral densities (S) between signals were estimated
using Welch averaging. For the relax task data
(220 seconds), the first and last 10 seconds were
discarded, after which 10 segments of 20 seconds with
rectangular windows were used. The same approach
was applied to the resist task data (120 seconds),
resulting in 5 segments of 20 seconds after
removing the first and last 10 seconds. Frequency-
response functions (FRF, H) and coherence (γ2) were
subsequently derived as follows:

• MS relax task: Using the rotation angle of the
SEP (θ ), the measured torque (T ) during the
perturbations, and the MS rotation perturbation
from the SEP data (dθ ), the FRF was defined as:

Hrelax =−Sθ dθ

ST dθ

(2)

• MS resist task: This was calculated in the same
manner as the MS relax task, but using the MS

perturbation torque from the reference signal (dT ).
The FRF was defined as:

Hresist =−Sθ dT

ST dT
(3)

• Coherence:

γ
2 =

|Sθ T |2

Sθ θ ·ST T
(4)

Mean values and standard deviations (SD) were
calculated across all participants. These were
evaluated qualitatively to assess potential differences
between measurements with and without the vacuum
brace.

The six stretch tasks were each repeated three
times. For each stretch, the elbow stiffness K(t) was
determined as:

K(t) =
T (t)
θ(t)

(5)

Stiffness was estimated by fitting a linear line to the
extension phase of each stretch and extracting the
slope of this line. This slope represents the stiffness
for that specific trial. Stretches were excluded from
analysis if identified as invalid based on observed
participant error or disproportionately irregular torque
data, as determined through visual inspection.

For each task condition, the intraclass correlation
coefficient ICC(2,k) of these stiffness values was
calculated across all participants. The ICC values for
measurements with and without the vacuum brace
were evaluated.

3) Hand movements
To evaluate whether the use of the vacuum brace
influences hand oscillations during measurements,
and thereby might affect system identification, the
OptiTrack markers placed on the hand and fingers
were analysed. This analysis was performed during
the MS relax task, as the hand is expected to
introduce the most additional dynamics when relaxed
and exposed to random multisine perturbations.

The analysis involved tracking the x- and y-position
of finger markers relative to the right clamp marker.
To eliminate the influence of differences between the
larger and smaller clamp designs, the RMS velocity of
the finger markers relative to the right clamp marker
was calculated across all participants. These values
were compared between conditions with and without
the vacuum brace.

Finally, potential differences in apparent inertia with
and without the brace were explored by inspecting the
FRF magnitude in the higher frequency range of the
MS perturbation tasks.

IV. VALIDATION RESULTS

A. Comfort

As shown in Figure 8, the average overall comfort
rating without the brace was 3.6 (severe discomfort),
compared to 1.9 (slight discomfort) with the brace,
indicating a significant reduction in discomfort (p =
0.000212). Responses to the comfort questionnaire per
participant are provided in Appendix N. All participants
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Fig. 8: Bar plots of mean discomfort scores from the comfort questionnaire.

Fig. 9: Mean Frequency-response functions and coherence and standard deviation (SD) of the multisine relax and resist
tasks.
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TABLE II: Data analysis results per task - Mean RMS of epicondyle velocity w.r.t. SEP pivot point, Mean maximal forearm
supination/pronation (°), Mean RMS of finger velocity w.r.t. right clamp during MS relax task (mm/s), and Intraclass coefficients
(ICC(2,k) of stiffness estimations of stretch tasks

Task RMS of epicondyle
marker velocity
(mm/s)

Max. forearm
supination (°)

RMS of finger marker
velocity mm/s

ICC(2,k) of
estimated stiffness

Without
brace

With
brace

Without
brace

With
brace

Finger Without
brace

With
brace

Without
brace

With
brace

Multisine relax 6.84 6.79 0.36 2.01 Index 20.78 12.04
Middle 25.40 14.18
Ring 19.71 11.62

Multisine resist 19.54 17.66 1.45 4.08
Slow stretch relax 10.23 12.30 4.79 5.68 0.92 0.93
Slow stretch 25% MVT 9.88 10.99 5.20 15.49 0.61 0.51
Slow stretch 50% MVT 11.65 13.88 5.64 11.78 0.84 0.66
Fast stretch relax 21.72 19.72 5.85 10.80 0.52 0.20
Fast stretch 25% MVT 28.19 34.36 5.52 10.55 0.70 0.56
Fast stretch 50% MVT 29.34 32.44 7.30 13.63 0.69 0.10

reported a preference for measurements performed
with the brace.

The most prominent difference in discomfort was
observed at the wrist, where the average Likert
score decreased by 2.5 points when using the brace,
shifting from severe to slight discomfort (p = 0.000122).
Discomfort was primarily attributed to pressure points
at the wrist. Two participants classified wrist discomfort
without the brace as “unbearable”, and one participant
over 60 was unable to complete the final 50% MVT
stretch trials without the brace due to pain, reporting
a minor skin lesion afterward.

For other body regions (elbow, forearm, hand), no
significant differences between brace and clamp-only
measurements were observed (p > 0.05). Discomfort
ratings with the brace never exceeded slight discomfort
levels. Notably, the highest discomfort scores with the
brace were reported at the elbow.

Discomfort most frequently occurred during stretch
tests requiring force exertion. One participant reported
heat buildup inside the vacuum brace as a source of
discomfort.

Additionally, the average maximum voluntary torque
generated during the clamp-only measurements was
23.75 Nm. During the vacuum brace measurements,
this value increased to an average of 26.8 Nm.
However, this difference was not statistically significant
according to the t-test (p > 0.05). An overview of the
individual maximum voluntary torque values for all
participants is provided in Appendix O.

B. Motion capture arm movements

Table II presents the results of data analysis, including
the RMS values of the lateral epicondyle displacement
relative to the SEP pivot point. The results show that,
for the multisine tasks, RMS values with the brace
are comparable to or slightly lower than those without
the brace. In contrast, for most stretch tasks, RMS
values are higher when the vacuum brace is used.
To provide additional spatial context for these RMS
values, Appendix O includes plots of the average
elbow position in the XY plane per task, relative to
the SEP pivot point.

The maximum forearm supination/pronation angles
per task are included in Table II as well. These data
show that measurements conducted with the brace

generally resulted in slightly higher rotational angles,
particularly during the stretch tasks.

The mean RMS velocity values of the fingers relative
to the right clamp during the MS relax task in Table
II show that across all fingers, lower RMS values
were observed in measurements conducted with the
vacuum brace. To provide additional spatial context
for these RMS values, Appendix O includes XY-plane
displacement plots of the finger trajectories relative
to the right clamp during the MS relax task for an
exemplary participant.

C. Technical quality of the measurements

Figure 9 shows the mean FRFs and coherence for the
multisine perturbation tasks, along with the standard
deviation (SD) of the clamp-only measurements. The
results demonstrate that FRF magnitude, phase, and
coherence are nearly identical for measurements with
and without the vacuum brace, mostly remaining within
the SD boundaries. This similarity is also evident at
higher frequencies, where inertial effects dominate and
unintended hand dynamics typically become apparent.
Only at the highest frequencies does the FRF of
the brace condition exceed the SD of the clamp-only
measurements. Yet, these frequencies primarily reflect
the intrinsic dynamics of the SEP system itself, rather
than the biomechanical response of the participant,
and not used in the system identification of the arm.
Furthermore, a lower FRF magnitude is observed at
low frequencies during the resist tasks.

Table II presents the ICC values for elbow stiffness
across all stretch tasks. With the exception of the slow
stretch relax task, ICC values were consistently lower
in the measurements performed with the brace.

V. DISCUSSION

A. Vacuum brace prototype

The vacuum brace prototype in this study was
developed as an alternative fixation method to improve
both participant comfort and mechanical stability
during robotic motor impairment assessment of the
shoulder and elbow. The concept offers a promising
approach to distribute fixation forces more evenly
across the arm. Unlike conventional rigid clamps
that exert high localized pressure, the vacuum brace
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achieves fixation by conforming a flexible structure
filled with EPS beads to the shape of the arm. Once
vacuum is applied, the structure stiffens, resulting in
effective immobilization of the forearm and wrist using
relatively low tightening forces. This improves user
comfort while maintaining positional stability.

However, a concern of this prototype is the long-
term durability. The EPS beads used as internal filler
material may degrade over time due to clamp pressure
and the repeatedly applied vacuum. Additionally,
the vacuum bag material used in this prototype is
vulnerable to small leaks, which can reduce internal
pressure and compromise both the rigidity and fixation
quality. This degradation was not investigated in the
current study.

Additionally, the bending resistance of different
prototypes was evaluated using simple deflection tests
performed in a non-laboratory setting. While this
approach supported rapid prototyping and iterative
development, the absence of standardized test
procedures may have affected the precision and
reliability of these evaluations.

B. Motion capture considerations

Several sources of variation can affect the accuracy
of marker-based motion capture and should be
considered when interpreting results. Even with
proper calibration, marker jitter and occlusions,
particularly when gap-filling is required, can reduce
reliability. Soft tissue artifacts, especially on the
forearm, cause deviations between marker position
and underlying bone due to skin movement, which is
more pronounced in distal limb segments [41].

During vacuum brace measurements, fewer valid
data points were recorded for some finger markers and
clamp markers, as parts of the brace obstructed the
line of sight. In addition, it was discovered after the
experiments that the SEP setup was not perfectly level,
with a 1.5 cm height difference between the flexion and
extension extremes of the SEP lever. This is relevant
during full-range stretch tasks. As elbow extension
was recorded not only as displacement in the x- and
y-directions but also in the z-direction. Such vertical
displacement could influence forearm supination and
pronation calculations, which are based on rotation
matrices relative to the first valid recorded position.

Together, these factors may have introduced
variability in the recorded trajectories and
discrepancies in derived measures such as joint
rotations or velocities. Although interpolation and
filtering routines were applied to reduce their impact,
these sources of error are inherent to optical tracking
systems and should be considered when interpreting
the motion capture results.

C. Increased comfort

The comfort questionnaire results indicate a clear
preference for using the vacuum brace during
SEP measurements. All participants reported the
condition with the brace to be more comfortable than
the measurements without. The most pronounced
improvement was observed at the wrist, where the

average discomfort rating decreased from 4.0 (severe
discomfort) to 1.5 (slight discomfort) on the Likert
scale. This reduction of 2.5 points suggests that
the brace effectively mitigated the most discomfort-
prone contact region during testing. The discomfort
at the wrist in the clamp-only condition, classified
as unbearable by two participants, highlights the
limitations of using only clamps for forearm fixation.

For the other body regions, including the forearm,
elbow, and hand, mean discomfort scores were slightly
higher with the vacuum brace, although the differences
were not significant and remained below a Likert score
of 2. This may be attributed to the brace covering a
larger surface area of the forearm and exerting a mild,
evenly distributed pressure on the underlying tissue.
Notably, the highest discomfort with the brace was
reported at the elbow. This is likely explained by the
altered arm position within the clamp, causing the arm
to rest slightly higher than in the clamp-only condition.
As a result, the forearm no longer rested fully along
the SEP lever, and the primary support point shifted
to the elbow. This localised contact likely created a
pressure point at the elbow. Despite this effect, the
average discomfort score for this region remained low
at 1.75, corresponding to slight discomfort.

One participant (60+) was unable to complete
the final 50% MVT stretch trials with the clamp-
only measurements due to pain and subsequently
reported a minor skin lesion. These findings suggest
that the vacuum brace could offer clinically relevant
advantages for populations more susceptible to
pressure-related discomfort, such as individuals post-
stroke.

Moreover, the mean maximum voluntary torque was
higher with the vacuum brace (26.8 Nm) compared
to the clamp-only condition (23.75 Nm), although this
difference was not statistically significant (p > 0.05).
Given the small sample size, this finding does not
exclude the possibility that improved comfort with
the brace may reduce pain-limited performance and
thereby enhance the accuracy and reliability of muscle
force assessment.

D. Fixation stability

The results in Table II provide insight into the fixation
stability of the arm during SEP measurements with
and without the vacuum brace. For the multisine
perturbation tasks, the near-identical RMS values
of the lateral epicondyle velocity indicate that the
brace does not introduce additional elbow movement.
Furthermore, the comparable FRFs and coherence
plots presented in Figure 9 confirm that the brace
does not affect system-level dynamics by introducing
additional stiffness, damping, or inertia. As expected,
elbow stiffness was higher during the resist tasks than
during the relax condition. These findings suggest
that the vacuum brace provides fixation quality during
multisine perturbations that is at least equivalent to that
achieved using clamp-only fixation.

During the passive stretch tasks, reduced fixation
stability was observed when using the brace. Mean
RMS values of the lateral epicondyle velocity were
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Fig. 10: Vacuum brace attached in the SEP. Outward opening
of the clamps (red arrows) caused the brace to shift upward
(blue arrow), resulting in the brace floating above the SEP
lever surface (yellow indication).

higher in the brace condition, and ICC values for elbow
stiffness estimation were generally lower, particularly
during fast stretches and tasks involving a target force.
These results indicate that the elbow moved more
and there was reduced fixation stability during passive
stretches in the vacuum brace measurements.

A likely explanation lies in the performance of
the newly designed clamp used during braced
measurements. The brace was observed to slightly
open outward during tightening, and due to its
geometry, this resulted in the brace being pushed
upward (Figure 10). Once the mechanical limit was
reached, further tightening no longer improved fixation,
and the brace remained able to move slightly within
the clamp. This movement was specifically observed
during rapid elbow extension.

The increased elbow movement may also be
explained by the setup procedure, in which the medial
epicondyle was aligned with the SEP pivot point. As
the reflective marker could not be placed directly
on the medial epicondyle, it was instead positioned
on the lateral epicondyle. However, the true center
of rotation of the elbow lies at the anteroinferior
aspect of the medial epicondyle [42], and the lateral
epicondyle does not lie directly above this point.
This anatomical relationship causes the position of
the lateral epicondyle marker to shift relative to the
pivot point during elbow flexion and extension. Which
is visible in the elbow marker trajectories shown in
Appendix O. The resulting displacement is particularly
pronounced during stretch tasks, which involve larger
flexion and extension movements, contributing to the
higher observed RMS values.

Increased supination and pronation angles observed
in all tasks in the brace measurements suggest
that the brace allowed for more rotational movement
than the clamp-only setup. This may be explained
by limitations of the clamp design, which allowed
the brace to move slightly in the clamps. Moreover,
forearm rotation was calculated using markers on
both the forearm and clamps. Small outward opening
of the clamps can therefore introduce errors in the
estimated angles. Although such deformation was also
possible in the clamp-only condition, the smaller size
and shorter length of those clamps resulted in less

marker movement and thus reduced influence on
the calculations. The increased angles in the brace
condition likely reflect a combination of true forearm
rotation and calculation artefacts.

Overall, these findings indicate that the vacuum
brace maintained comparable fixation stability during
multisine perturbation tasks but showed reduced
stability in stretch tasks. This reduction is most
likely attributable to the mechanical limitations of
the redesigned, bigger clamps used in the brace
measurements.

E. Reduced hand dynamics

The RMS finger velocity results in Table II suggest
that the use of the vacuum brace reduces unintended
movement of the hand and fingers during the multisine
relax task. Lower RMS values were observed across
all three fingers when the brace was applied, indicating
that the added hand support provides improved distal
stability beyond the fixation at the forearm.

Notably, these reductions in finger and hand
movement do not affect the frequency response
of the overall system. As shown in Figure 9,
the FRF magnitudes at higher frequencies, relevant
for estimating inertial characteristics during system
identification, remain nearly identical in both the
brace and clamp-only conditions. This suggests that
unintended hand motion during multisine perturbations
does not significantly influence the identified system
dynamics. Moreover, the addition of the vacuum brace
and larger clamps does not introduce noticeable
changes in system inertia or damping.

F. Recommendations

1) Design improvements
From a design perspective, several improvements can
be made to enhance the functionality and usability of
the vacuum brace.

First, the current drawstring mechanism for shaping
the brace around the arm could be replaced with
an elastic tightening system. This would simplify the
application process and reduce setup time. To further
improve user comfort, the addition of a soft elbow
cushion could help reduce localized pressure during
measurements.

To facilitate consistent elbow alignment within the
SEP, a small magnetic alignment aid could be
implemented. This would consist of a magnetic sticker
placed on the medial epicondyle of the elbow and
a corresponding magnet located at the SEP pivot
point, allowing for accurate positioning through tactile
feedback.

Air leakage is a critical point of failure in the vacuum
brace. Future designs could incorporate puncture-
resistant materials for the airtight interior, along with
a basic system for detecting and sealing minor
leaks. Additionally, the surface material in contact
with the arm should provide a comfortable sensation
on the skin and be easy to clean with disinfectant
wipes. The brace should ultimately be manufactured
using medical-grade materials through a professional
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Fig. 11: Sketches of design recommendations

production process to enhance clinical applicability
and long-term durability.

Further investigation is needed to assess whether a
transition from standard EPS beads to harder variants
such as expanded polypropylene (EPP) or high-
density EPS could improve structural stiffness without
increasing overall thickness, thereby enhancing
fixation performance.

Lastly, the fixation clamp design should be
reconsidered. The current configuration allowed
the brace to be displaced upward during tightening,
limiting the achievable fixation. Improved fixation
could be achieved by modifying the clamp geometry,
adding anti-slip surfaces, or using multiple clamp
points to distribute the holding force more evenly. This
would likely enhance the positional stability of the
brace during SEP measurements. Figure 11 shows
conceptual sketches of recommended improvements
for the vacuum brace and the clamp.

2) Future research
To explore the generalizability and clinical relevance
of the vacuum brace, future studies should include a
larger and more diverse participant sample, including
stroke patients. Evaluating the brace in a clinical
population would provide essential insight into its
practical utility and usability. It would also be relevant to
compare the vacuum brace with fiberglass cast fixation
during SEP measurements. In addition, feedback
from medical professionals, such as rehabilitation
physicians and therapists, is needed to assess
feasibility in clinical workflows and to identify potential
barriers to implementation.

To assist with consistent placement, alignment
indicators were added to the brace and clamps.
Nevertheless, positional inconsistencies of subjects in
the SEP were not explicitly assessed in the present
study. Future research should evaluate whether the
use of alignment indicators on the brace and clamps
improves consistency in wrist and elbow placement

between sessions.
Finally, the potential applications of the vacuum

brace extend beyond SEP measurements. Its
use in other robotic or clinical measurement
setups that require secure yet comfortable arm
stabilization should be explored. Such studies could
determine whether the vacuum brace provides a
viable alternative to conventional fixation methods in
broader biomechanical and rehabilitation contexts.

VI. CONCLUSION
In this study, an alternative fixation approach for
securing the arm in the Shoulder Elbow Perturbator
was designed. A lightweight vacuum brace was
selected using a Harris profile as the preferred concept
and developed into a functional prototype. The brace
conforms to the arm of the subject and becomes rigid
through vacuum pump application.

The vacuum brace prototype was tested in SEP
measurements with eight participants and clearly
showed improved comfort over conventional clamps.
This enhanced comfort is particularly relevant for
stroke patients, who often present with sensitive skin
and are more prone to pressure-induced discomfort
or skin irritation. During multisine tasks with the
brace, fixation stability was comparable, with reduced
hand motion. In stretch tasks with the brace, fixation
performance was lower, likely due to clamp limitations
rather than the brace design.

The vacuum brace shows promise not only for use in
SEP assessments but also for broader implementation
in robotic or clinical contexts that require secure yet
comfortable arm stabilization. With further refinement,
this approach could lead to more user-friendly
and robust fixation solutions for rehabilitation and
biomechanical research.
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APPENDICES
Appendix A: Design landscape

This appendix presents a summary of the design landscape explored during the development of the concepts.
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Appendix B: Harris profile evaluation

To evaluate and compare different design concepts, a Harris profile was employed. Preferences were ranked from
most to least important and scored using a four-point ordinal scale: -- (very poor), - (poor), + (good), and ++
(very good). These scores were assigned based on educated guesses and practical estimations of performance.
Figure 12 displays the outcome of this assessment. Below, the scoring criteria and rationale for each preference
are described.

1. Fixation
– Fixation is inadequate in two or more directions.
- Fixation fails in one critical direction.
+ Fixation restricts all directions, but does not conform to individual

anatomy.
++ Fully immobilizes all directions using a rigid, form-fitted structure.

5. Sustainability
– Single-use only.
- Reusable fewer than 10 times.
+ Reusable, less than 10 times without degradation.

++ Durable, reusable, and low environmental impact.

2. Comfort
– Causes pain during or after use.
- Uncomfortable, but no lasting pain.
+ Tolerable, minor pressure points possible.

++ Fully conforms to the arm and distributes pressure.

6. Cleanability
– Requires specialized cleaning.
- Can be cleaned with wipes, but time-consuming.
+ Cleanable in under 1 minute.

++ Cleanable in under 30 seconds.

3. Attachment time
– Takes more than 5 minutes.
- Takes 4–5 minutes.
+ Takes 2–4 minutes.

++ Less than 2 minutes.

7. Cost
– Non-reusable, expensive.
- Reusable, less than 10 times.
+ Reusable, moderate cost.

++ Reusable and low cost.

4. Weight and inertia
– less than 700 g.
- 500–700 g.
+ 200–500 g.

++ more than 200 g.

Fig. 12: Results of Harris profile evaluation
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Appendix C: Prototypes

This appendix provides an overview of the prototyping phase, including visual documentation of key iterations leading
to the final vacuum brace design. Photographs and annotated images illustrate the functional development, material
choices, and modifications made in response to practical testing. These iterations were used to refine the fixation
quality, usability, and robustness of the design before validation in the experimental setup.
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Appendix D: Vertical compartment

This appendix illustrates the internal layout of the vertical compartments within a vacuum brace prototype, as shown
in Figure 13. These compartments were introduced to improve longitudinal stiffness and prevent deformation under
axial loading.

Fig. 13: Vertical compartments design
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Appendix E: Bending tests

Fig. 14: Picture of the bending test setup.

Bending tests were conducted to
evaluate the stiffness of different flat vacuum brace concepts.
Figure 14 illustrates the experimental setup. The brace
was clamped in place with 10 cm extending beyond the fixture.
A known weight (P) was applied to the end free segment.
The resulting deflection was recorded and used to calculate
the stiffness in terms of Young’s modulus (E). Measurements
were performed in both the longitudinal (L) and transverse (T)
directions of the brace. The specific results and corresponding
calculations, and derivation (Figure 15) are presented below.

Fig. 15: Derivations of Young’s modulus calculations

No compartments - 1300 ml EPS beads
P1 = 0.295kg∗9.81 = 2.89395N
L = 0.1m
IL = 1

12 bh3 = 1
12 ∗0.2∗0.0153 = 0.000000056

IT = 1
12 bh3 = 1

12 ∗0.32∗0.0153 = 0.00000009
vL = 0.017m
vT = 0.009m
EL = 2.9∗0.13

3∗IL∗0.017 = 1015406.162Pa

ET = 2.9∗0.13

3∗IT ∗0.009 = 1193415.638Pa

Vertical compartments - 1300 ml EPS beads
P2 = 0.396kg∗9.81 = 3.884765N
vLv = 0.017m
vT v = 0.035m
ELv =

3.9∗0.13

3∗IL∗0.017 = 1365546.218Pa

ET v =
3.9∗0.13

3∗IT ∗0.035 = 412698.4127Pa

Diagonal compartments - 1300 ml EPS beads
P2 = 0.396kg∗9.81 = 3.884765N
vLd = 0.018m
vT d = 0.012m
ELd = 3.9∗0.13

3∗IL∗0.018 = 1289682.54Pa

ET d = 3.9∗0.13

3∗IT ∗0.012 = 1203703.704Pa
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Appendix F: Alignment options

Several alternatives were considered to achieve consistent wrist alignment within the brace. These options are
explained below:

• Internal glove: An inner glove ensured that the hand and wrist always occupied the same position in the brace.
However, this solution was impractical as it did not accommodate both left and right hands and complicated
cleaning procedures.

• Alignment rings: Soft silicone rings placed at the thumb and little-finger positions inside the brace guided wrist
placement. Although this method was compatible with either hand, the rings would complicate routine cleaning
with simple surface disinfection.

• Hand-outline imprint: A printed silhouette of a hand on the inner surface provided a quick visual guide for hand
placement. This method was unsuitable due to limited adaptability to different hand sizes and the need for
separate patterns for left and right hands.

• Reference line: A single line, drawn in contrasting color on both the inner and outer surfaces at the level of the
wrist indents, marked the correct wrist position. The external line also serves as a guide to align the brace with
the SEP.

Based on these considerations, the reference line was adopted due to its simplicity, compatibility with both hands,
and minimal impact on cleaning procedures.
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Appendix G: 3D model of clamp

Based on the original clamp design mounted to the SEP arm, the clamp was modified to accommodate an arm
fitted with the vacuum brace. In addition, the clamp was widened to increase the fixation surface area. The final
design is shown in Figure 16.

Fig. 16: redesigned clamps for fixating the vacuum brace into the SEP
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Appendix H: Instructions vacuum brace usage

Instructions for using the vacuum brace are shown in Figure 17 below.

Fig. 17: Step by step instructions for applying the vacuum brace prototype to a subject.

To release the subject: loosen the clamps to release the patient from the SEP. Then, loosen the straps and draw
strings, and release the vacuum by using your finger to alter the shape of the valve, allowing air to flow back into
the brace.
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Appendix I: Creating the final prototype

The final vacuum brace prototype was manufactured using the following step-by-step process:
1) The final prototype of the vacuum brace was constructed using a vacuum bag obtained from ‘De Vacuumzakken

Specialist’. The bag was heat-sealed to a final size of 25 cm by 36 cm, with the valve positioned in one corner
to avoid interference with clamps or straps during application. These dimensions ensure compatibility with both
small and large forearms and wrists. The vacuum bag contains a compartmentalized inner sleeve filled with
EPS beads.

2) The compartmentalization was achieved by sewing diagonal channels into an elastic fabric cover using a sewing
machine. The compartments were oriented at a 45-degree angle and spaced 5.3 cm apart. The top and one side
of the fabric were left open to allow the insertion of EPS beads using a funnel. A total volume of approximately
1300 mL of EPS beads was distributed evenly across nine compartments to ensure uniform stiffening. These
compartments prevent lateral migration of beads and contribute to consistent mechanical behavior across the
brace.
Figure 18 illustrates the diagonal compartment structure used to stabilize the EPS bead distribution. Figure 19
shows the inner vacuum bag with the outer cover and all relevant design features.

Fig. 18: Inner elastic fabric sleeve with nine diagonal compartments filled with EPS beads. The 45-degree orientation enhances
rigidity by resisting transverse bending.

3) A piece of waterproof tablecloth fabric (HEMA) was sewn onto the top of the vacuum bag to form the outer
support cover. A curtain tape (HEMA) was stitched onto the surface to serve as lacing guides. Additionally,
three adjustable tension straps with buckles were attached at the top, middle, and bottom for secure fixation.
A small elastic loop was included to manage excess lace material.

4) Three nylon laces, each 150 cm in length, were threaded in a crisscross pattern through the sewn loops,
enabling even tightening around the arm. The laces were secured with double cord stoppers for ease of use. A
red line was drawn on both the interior and exterior surfaces of the brace using a waterproof marker to indicate
the correct wrist alignment position.

5) Due to the vacuum forming process and the volume taken up by the EPS beads, the brace dimensions were
determined iteratively through trial and error. After vacuum compression, the final external dimensions of the
brace matched the intended 24 cm by 35 cm size.
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Fig. 19: Final construction of the vacuum brace showing the inner vacuum bag with the compartmentalized bead sleeve and the
attached outer layer with fixation features.
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Appendix J: Participant information
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Appendix K: Informed consent
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Appendix L: Comfort questionnaire
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Appendix M: Forearm rotation analysis

To compute supination and pronation, OptiTrack marker trajectories from the forearm and the left and right SEP
clamps were used. The anatomical rotation axis of the forearm was determined at each time step to track torsion
over time. The procedure was as follows:

• The unit x-axis of rotation was defined as the normalized vector from the midpoint between the two clamp
markers to the forearm marker.

• A temporary y-direction was computed as the normalized vector between the left and right clamp markers.
• The cross product of the x- and temporary y-vectors yielded a provisional z-axis, which was normalized.
• The corrected y-axis was computed as the cross product of the z- and x-axes.

These three orthonormal vectors formed the instantaneous rotation matrix R at each time step. The first valid
rotation matrix served as a reference matrix Rref. For each subsequent time point, the relative rotation matrix Rrel
was computed as:

Rrel = Rref ·R

The torsion angle around the anatomical x-axis was extracted from Rrel, resulting in a time series of absolute forearm
rotation angles. Figure 20 shows a screenshot of the motion capture data in Motive, illustrating the definition of the
anatomical rotation axis and the associated coordinate system.

Fig. 20: Definition of the rotation axis.
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Appendix N: Comfort questionnaire results

This appendix shows the answers of every participant to the questions from the comfort questionnaire in tables.

TABLE III: Q1 – How would you rate the overall comfort during the tests?

Participant Without Brace With Brace

1 3 2
2 3 2
3 4 2
4 4 2
5 3 2
6 4 2
7 4 1
8 4 2

Mean 3.625 1.875
SD 0.518 0.354

TABLE IV: Q2 – How would you rate the comfort of specific body parts during/after the tests?

Participant Elbow Forearm Wrist Hand
Without brace With brace Without brace With brace Without brace With brace Without brace With brace

1 4 2 1 2 3 2 1 2
2 1 1 1 2 4 2 2 2
3 1 2 1 1 4 1 3 1
4 1 1 1 1 5 2 1 1
5 1 1 1 1 3 1 1 1
6 1 3 1 1 4 1 1 3
7 2 3 2 1 5 1 1 1
8 1 1 1 1 4 2 1 2

Mean 1.5 1.75 1.125 1.25 4.0 1.5 1.375 1.625
SD 1.07 0.89 0.35 0.46 0.76 0.53 0.74 0.74

TABLE V: Q3 – Did you experience any sensations of pinching, pressure points, or other discomfort? If so, where exactly?

Participant Without Brace With Brace

1 Pressure point at my wrist, and my skin got stuck
there

On my elbow there was a pressure point and there
was some pressure on my arm but I got used to that
quickly

2 Mainly discomfort around my wrist (where the
clamps were) towards my hand, a lot of pressure
there

With brace it really fit better around my wrist. Of
course, it sits tight, but it didn’t really hurt anywhere.

3 Ja, pols binnenkant onder de duim zit een drukpunt
van de klem.

Yes, inside of the wrist under the thumb there was
a pressure point from the clamp.

4 I felt an enormous sensation of discomfort and even
pain in my wrist when exerting force on the clamp

No, discomfort was severely decreased. No pressure
points whatsoever.

5 I did have some pressure points on the area between
wrist and most broad part of the hand.

It was very warm but did not hurt

6 At wrist especially on the outside Pressure point on elbow, pinching of hand
7 Pain at the side of the wrist on the thumb side (even

a small cut)
At the elbow some pressure on the support point at
the start

8 Side of my wrist, below my thumb hurt because of
the clamp and extra when applying force

A bit at my wrist below my thumb it felt a bit
uncomfortable
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TABLE VI: Q4 – Was there a specific moment when it became more uncomfortable? For example, during a particular
measurement or task?

Participant Without Brace With Brace

1 During stretch (50%) I felt a shock through my elbow No, I do not know a specific moment
2 Mainly annoying at the end; more discomfort after

applying force for longer
Felt my elbow at the end, possibly from sitting long

3 With high speeds of stretch tests; worse with 50%
force

It was heavier but not more painful when faster

4 Discomfort during max force and 50% force
stretches

Brace distributed pressure so discomfort vanished

5 Nope Maybe little bit due to temperature
6 Yes, at 25% and 50% stretch tests at the inside of

the wrist
Pinching of hand increased toward end of tests

7 Pain during stretch tests with force. Could not finish Not uncomfortable but had to follow yellow line
8 Hurt most during 50% force stretch test At moments with high force

TABLE VII: Q5 – What measurements did you prefer, with or without the brace?

Participant Comment

1 with brace
2 with brace
3 with brace
4 with brace
5 with brace
6 with brace
7 with brace
8 with brace
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Appendix O: Extra result data

This appendix shows additional results from the data acquired from the experiments. Table VIII shows the maximal
voluntary torque measurements during the measurements.

TABLE VIII: Comparison of MVT with and without brace

Participant Without - 1 Without - 2 Without - 3 Without - Mean With - 1 With - 2 With - 3 With - mean
1 43 39 32 38.00 31 34 35 33.33
2 28 36 26 30.00 29 27 28 28
3 25 22 18 21.67 34 33 29 32
4 31 33 29 31.00 47 39 37 41
5 13 11 8 10.67 9 10 11 10
6 16 18 17 17.00 20 20 18 19.33
7 17 19 20 18.67 16 16 20 17.33
8 21 23 25 23.00 33 35 27 31.67
Mean 24.25 25.13 21.88 23.75 27.38 26.75 25.63 26.58

Figure 21 shows the mean displacement of the lateral epicondyle marker with respect to the SEP pivot marker in
the z-plane for all participants.

Fig. 21: Mean epicondyle displacement in z-plane

Figure 22 shows the mean RMS of the lateral epicondyle marker velocity with respect to the right clamp marker in
the z-plane for all participants per task.
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Fig. 22: RMS epicondyle velocity per task

Figure 23 shows the mean displacement of the finger markers with respect to the right clamp marker in the z-plane
for an exemplary participant.

Fig. 23: Finger displacement in z-plane of an exemplary participant

43


