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Abstract: Occupational shoulder exoskeletons need to provide meaningful torques to achieve the
desired support, thereby high pressures can occur within the physical human–machine interface
(pHMI) of exoskeletons that may lead to discomfort, pain, or soft tissue injuries. This pilot study
investigates the effects of occurring circumferential pressures within the pHMI in three different
shoulder exoskeletons on the tissue oxygenation underneath the interfaces in resting position and
dynamic use of the exoskeletons in 12 healthy subjects using near-infrared spectroscopy. Similar
to standard Vascular Occlusion Tests, the tissue oxygen decreases while wearing the exoskeletons
at rest (−2.1 (1.4) %/min). Dynamic use of the exoskeleton enhances the decrease in tissue oxygen
(−7.3 (4.1) %/min) significantly and leads to greater resaturation after reopening the interface com-
pared to resting position. This can be a sign of restricted blood supply to the upper extremity while
wearing the exoskeleton. The shape and width of the circular interfaces showed no effect on the
tissue oxygenation during use. Tissue oxygenation can be established as an additional safety criterion
of exoskeletal pHMIs. The design of pHMI of shoulder exoskeletons should be reconsidered, e.g., in
terms of open structures or the elasticity of closure straps to avoid occlusion effects.

Keywords: occupational exoskeleton; physical human–machine interface; circumferential compression;
pressure; near infrared spectroscopy; TSI; muscle tissue oxygenation saturation; upper arm

1. Introduction

Occupational exoskeletons were designed to reduce risk factors of work-related mus-
culoskeletal disorders including heavy object manipulation, repetitive work, and non-
ergonomic body postures [1]. They are targeted to carry, lift, and grip heavy loads, stabilize
prone work postures, or allow sitting in any situation. Depending on their purpose, occu-
pational exoskeletons are primarily designed to support one body region, e.g., back [2],
shoulder [3], elbow [4], or hand [5].

Shoulder exoskeletons are specifically designed to support heavy and/or repetitive
overhead tasks, such as assembly tasks in the automotive or aviation industry, drywall
construction, picking and packing, or cleaning tasks by supporting arm motions against
gravity with actuators. Recent studies have shown good potential to reduce physical
demands [6–8], muscle fatigue [9], metabolic effects [10], and mental load [11] during tasks
at head level or above.

Shoulder exoskeletons are mostly designed as backpack structures with a chest and
pelvic harness and an additional kinematic structure with a physical human–machine
interface (pHMI) (In the context of this article, HMI is not understood as a communication
instrument including sensors or as part of a control circuit. It is rather a passive structural
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element through which the user interacts with the machine (exoskeleton) by means of force
transfer to the upper arm.) The vertical forces of the exoskeleton that support the lifting of
the arms can be generated either passively (e.g., by springs and elastic elements) or actively
(e.g., by electric motors or pneumatic systems) [12].

The main focus in the development process of shoulder exoskeletons is on reducing
the weight of the exoskeleton, improving the kinematics including joint alignment [13] as
well as the design of the physical human–machine interface [14].

Primarily, physical human–machine interfaces of exoskeletons have to fulfill two main
requirements: (1) fixation of the exoskeleton to the body and thus enabling human control
over the exoskeleton and (2) transferring the torques generated by the actuators to the user
to assist in resting positions or during dynamic movements. Hence, the effectiveness of
exoskeletons depends directly on the quality of the pHMI [15]. Currently, pHMIs of rigid
shoulder exoskeletons are widely designed with a hard shell connected to the kinematic
structure, padding, and a more or less elastic belt, which serves as a circular enclosure of
the arm [16]. pHMis of soft exoskeletons instead, largely go without hard materials. Since
they follow a pull principle, soft materials such as neoprene usually form circular interfaces
that can be adjusted in size with Velco or similar [17,18].

pHMIs of exoskeletons in general are often associated with discomfort, pain, or
soft tissue injuries [19–21]. To achieve the desired support, the exoskeletons need to
provide meaningful external torques [22], especially when additional weight or heavy
tools are carried. These torques can lead to very high pressures within the pHMI as
well as the tissue underneath and may result in reduced blood supply to the tissue. The
risk for soft tissue damage depends not only on the magnitude of pressure but also on
its direction and distribution as well as on the duration and frequency of exposure, the
integrity, tone, thickness, and mechanical stiffness of the tissue, and the proximity of bony
prominences [21,23,24]. An adequate supply of blood is essential for the integrity of tissue.

In the case of shoulder exoskeletons and overhead work, it must be taken into account
that blood flow in the elevated arm is already reduced [25]. Combined with high repetitive
loads, this can result in several long-term upper extremity disorders such as musculoskeletal
injuries or compression syndromes [26–30].

Since it is not possible to establish safe thresholds for soft tissue mechanical loading at
the pHMI based on interfacial pressure measurements alone [31], this pilot study investi-
gates tissue oxygenation as an additional physiological metric, thus focusing on the user
safety in assessing the human–exoskeleton interaction. Near-infrared spectroscopy (NIRS)
is a well-tolerated, non-invasive, and widely used technique for determining oxygen satura-
tion and blood flow in the capillary bed of soft tissue. In terms of occupational exoskeleton
evaluation, NIRS has mostly been used to detect muscle fatigue [32–34]. Another appli-
cation of NIRS in recent exoskeleton studies is on human–machine interaction, prefrontal
cortex activity, and muscle activation patterns, e.g., in exoskeleton-based rehabilitation
after stroke [35,36].

To our knowledge, only two studies used NIRS concerning the evaluation of physical
human–machine interfaces of exoskeletons [37,38]. Kermavnar et al. aimed to identify the
impact of circumferential compression levels and different cuff sizes of a soft exoskeleton on
the lower extremities during walking and directly related it to the occurrence of discomfort
and pain. With regard to tissue oxygenation, (1) a negative correlation between inflation
pressure and deep tissue oxygenation was found, (2) oxygen deprivation was differently
tolerated at different sites of the lower extremity, and (3) the increase in oxygenation after
cuff release differed at different sites in the lower extremity, which was further enhanced
by a larger cuff.

To the authors’ knowledge, there is no study to date that has utilized NIRS to measure
tissue oxygenation in the upper extremity in the context of exoskeleton interface pressure.
In a previous study, it was shown that pressure within shoulder exoskeleton pHMIs with
a circular enclosure at the upper extremity exceeded the recommended pressure of 20
mmHg [39] by an average of ~23% in resting position (with the arm hanging) and by
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an average of ~70% in dynamic arm movements [40]. However, to date, it has not been
investigated how tissue oxygen saturation underneath the interface behaves during normal
use of shoulder exoskeletons and whether exceeding the recommended pressures has a
negative effect on tissue oxygenation. In addition, it is unclear whether the different designs
of circular exoskeleton interfaces affect pressure and oxygen level.

Therefore, this pilot study investigates possible changes in muscle oxygenation satu-
ration in the resting position and during dynamic overhead arm movements underneath
the pHMI of three shoulder exoskeletons which were selected with respect to their pHMI
design. This study investigates the following hypotheses:

(i) pHMIs of shoulder exoskeletons restrict the blood supply underneath the pHMI and
result in a decreased oxygen saturation in the soft tissue in resting posture.

(ii) Dynamic arm movements with the shoulder exoskeletons have a neutralizing effect on
the tissue oxygen saturation underneath the interface compared to resting conditions.

(iii) The design of the pHMI influences the circumferential pressure and the tissue oxy-
genation underneath the pHMI.

2. Materials and Methods
2.1. Participants

A total of 12 male subjects were recruited from Innsbruck University. Informed consent
was obtained from all subjects involved in the pilot study. Included were healthy male
subjects 18 years of age or older who volunteered in the study. Subjects were excluded with
the following criteria: (1) BMI > 30 kg/m2; (2) skinfold in the optodes area > 60% of the
interoptode distance (21 mm); (3) cardiovascular, respiratory, neurological, or endocrine
pre-existing diseases; (4) current musculoskeletal injury in the upper extremity area with
acute or chronic pain; (5) local skin lesions in the optodes area; (6) ingestion of medica-
tions affecting cardiac, respiratory, neurological, or vasomotor system; (7) known allergic
reactions to adhesives/patches. Subjects were instructed to observe the following: no
food/alcohol/caffeine/nicotine 12 h prior to measurement, and no excessive exercise 24 h
prior to testing. All subjects confirmed the absence of any exclusion criteria. All subjects
completed the study protocol.

2.2. Physical Characteristics of the Participants

The physical characteristics of the subjects were recorded before the actual mea-
surement (Table 1). These included blood pressure at rest, height, weight, upper arm
circumference, and skinfold thickness in the area of the optodes (lateral head of triceps
brachii). Systolic and diastolic blood pressure was measured in a seated position using a
manual sphygmomanometer (Boso clinicus I, Bosch + Sohn, Jungingen, Germany). Skinfold
thickness was obtained using a standard caliper (Bozeera, Dibb Trading B.V., Nijmegen,
The Netherlands) and divided by 2 to determine adipose tissue thickness (ATT = fat + skin
layer) [41]. Arm circumference was obtained using a standard cloth tape measure.

Table 1. Participants’ characteristics.

Characteristics Mean SD Unit

Age 29 1 yrs
Height 1.82 0.02 m
Weight 79 2.7 kg

Circumference of
upper arm 29.5 1 cm

Skinfold thickness 3.5 0.6 mm
Systolic blood

pressure 118.3 3.3 mmHg

Diastolic blood
pressure 68.7 4.9 mmHg
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2.3. Equipment

To assess the muscle oxygen saturation, the NIRS-System Porta-Lite (Artinis Medical
Systems, Elst, The Netherlands) was applied underneath the human–machine interface of
the exoskeleton at the height of the lateral head of the triceps brachii for data acquisition
at 10 Hz. Changes in oxygenated (O2Hb) and deoxygenated hemoglobin (HHb) can
be obtained by applying the Lambert–Beer law, as the software (Oxysoft version 2.1.72,
Artinis Medical Systems Netherlands) calculates changes in light absorption at different
wavelengths (750 and 850 nm) and converts them to relative concentrations of O2Hb and
HHb. The optodes of this portable NIRS device have three transmitters and one receiver
with an interoptode distance of 35 mm. This construction allows assessing the tissue
oxygen saturation index (TSI; syn: StO2%, TOI; SmO2 [42]) as an absolute value by using
the spatial resolved spectroscopy method [43]. The path length factor was set to 4 for
muscle investigations [44,45]. The device has a tissue penetration of about 18 mm, half the
inter-optode distance [41].

A custom-made pressure sensor was realized to measure the inner pressure of the
physical pHMI of the exoskeletons (Figure 1). The device consists of a pressure pad
(3.5 × 6.6 × 0.3 cm) obtained from a blood pressure cuff for infants (Bosch + Sohn GmbH
(Boso), Jungingen, Germany), a piezoresistive silicon pressure sensor (Adafruit MPRLS
Ported Pressure Sensor Breakout Board MPRLS0025Pa00001P, 0 to 25 PSI, Adafruit In-
dustries, New York, USA) and a single-board computer (Rasperry Pi Zero W, Rasberry
Pi Foundation, Cambridge, UK). Details and calibration data have been published previ-
ously [40]. The recording frequency was set to 10 Hz.
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Figure 1. Custom-made pressure sensor.

2.4. Physical Human–Machine Interfaces

The physical human–machine interfaces of three exoskeletons were tested, all of which
were designed for overhead work. In principle, all pHMIs were designed with a hard half-
shell, padding and a quick-release buckle on an elastic belt, serving as a circular enclosure
of the arm and enabling the control of the exoskeleton. They differ in form and width of the
hard shells, thickness of paddings, and elasticity of the belts. Specific exoskeletons were (a)
the Skelex 360 exoskeleton (Skelex), (b) the Lucy exoskeleton (Helmut-Schmidt-University),
and (c) the Paexo Shoulder exoskeleton (Otto Bock); see Figure 2.

Technical data of the exoskeletons and their pHMIs can be found in Table 2. The
exoskeletons studied were selected because they differ primarily in shape and width of the
hard shells and padding, and thus enclose the arm circumference in varying degrees.
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Table 2. Technical data of examined exoskeletons.

Exoskeleton Institution Type Technology pHMI
Strap

pHMI
Fixation Weight Support

Force
pHMI Width
× Length

Skelex 360 Skelex Passive Flex frame, spring Elastic Buckle 2.8 kg up to 4.9 kg 13 × 22.5 cm
Lucy HSU Active Air pressure Elastic Buckle 6.6 kg up to 8 Nm 18 × 11.5 cm

Paexo Shoulder Otto Bock Passive Mechanical pully Elastic Buckle 1.9 kg n/s * 15 × 17 cm

* Not specified in the instruction manual of the manufacturer.

2.5. Vascular Occlusion Method

Standard Vascular Occlusion Tests (VOT) [46,47] were conducted using a pneumatic
tourniquet with an arm cuff dimension of 53 × 14 cm. The cuff was placed at the upper
arm approximately 2–3 cm above the epicondyles. Vascular occlusions were applied at
50 mmHg (Ven.Occ.) and 200 mmHg (Art.Occ.) for venous and arterial occlusion for 2 min,
respectively.

During venous occlusion, O2 is still consumed in the tissue. As venous blood drainage
is no longer possible, O2 saturation decreases and the TSI signal declines; see Figure 3.
During arterial occlusion, venous blood drainage as well as arterial blood supply is blocked
and the TSI signal drops. Immediately after the occlusion is removed, fresh blood is directed
into the tissue, and O2 saturation increases. After deflation, the TSI signal may temporarily
rise above the baseline value, indicating a post-ischemic, hyperemic vasodilation [46]. The
course of the TSI signal is less pronounced in venous occlusion in most cases.
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2.6. Testing Protocol

The testing protocol provided a total of eight measurements (Figure 4). After attaching the
NIRS optodes and the pneumatic cuff, the test subject had to rest in a half-supine position for
15 min, a standard procedure before VOT tests [48]. Two standard VOTs with 50 mmHg and
200 mmHg were conducted standing using an automatic pneumatic tourniquet.
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Figure 4. Schematic diagram of the testing protocol.

Measurements with the exoskeleton followed in random order. The exoskeleton was
first attached and adjusted to the subject according to the manufacturers’ specifications. The
support was set to the maximum allowable level according to the specific manufacturer’s
specifications in relation to the user’s weight and height. The pHMI was fitted in such
a way that the wearer perceived the pHMI pressure as comfortable and could control
the exoskeleton properly at the same time, as the wearer would do in normal use of the
exoskeleton. The pHMI was opened again and a seated rest of at least 10 min followed to
ensure that the oxygen level returned to baseline.

Similar to the standard VOT with the pneumatic cuff, in the exoskeleton test condition
at rest, the subject stood still for the whole trial. NIRS measurement was started with a
2 min phase to record the TSI baseline. Then, the pHMI was closed by the investigator,
lasting 2 min. After reopening the pHMI, the NIRS measurement ran for another 2 min to
record any hyperemic effects and the return to baseline.

The second trial with the same exoskeleton was conducted to be equal in process to
the first one. Only in the 2 min occlusion period, when the pHMI was closed, the subject
was asked to repeat the dynamic task (see Section 2.7 Dynamic Movement) at his own pace
holding an electric drill, as an employee would do in real work conditions. The second
trial was conducted to verify whether the effect of a possibly restricted blood supply when
wearing the exoskeleton could be neutralized by moving the arm with the exoskeleton in a
typical use case. All measurements were conducted in a standing position, as it was hardly
possible to sit while wearing the exoskeletons. Between each exoskeleton measurement, a
10 min break was taken.

2.7. Dynamic Movement

In the dynamic task, a typical overhead assembly is simulated in which bolts are
repetitively placed on a board above head height. In the starting position (Figure 5), the
subject stood in front of the workpiece, which was at a height of 2.3 m. The feet were
parallel and the arms hung loosely down. The participant held a commercially available
electric drill (mass ≈ 1.5 kg) in the dominant test hand. As soon as the pHMI was closed, the
participant repeatedly moved the cordless screwdriver up and back down to the starting
position and started over again. The participant repeated the experimental task at his own
pace for 2 min of occlusion.
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2.8. Data and Statistical Analyses

NIRS and pressure data were evaluated using MATLAB, version 9.10.0 (R2021a).
The TSI signal as output by Oxysoft software (Version 3.2.72) was first smoothed using a
Butterworth filter at the fourth-order and low-pass filter with a cut-off frequency of 0.2 Hz.
Baseline TSI (TSIBase), was calculated as the average of 30 s before cuff occlusion or pHMI
occlusion, respectively (Figure 6). The downslope of the TSI signal (TSISlope1) was calculated
between the beginning of occlusion and the minimum TSI value during occlusion [49] by a
linear regression equation and served as a measure of the O2 desaturation rate [42], whereas
the upslope of the TSI signal (TSISlope2) immediately after deflation served as a measure
of the O2 resaturation rate. TSISlope2 was calculated between the end of occlusion and the
maximum TSI value after occlusion using the linear regression equation. TSIOvershoot was
calculated as the delta between TSIBase and the maximum value of the TSI signal after
deflation or opening of the pHMI, respectively. Mean pressure of the pHMI was calculated
as the mean pressure signal of the pressure sensor during the occlusion period.
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All data were analyzed using IBM® SPSS Statistics Version 27. The significance level
was set at p < 0.05. Mean pressure, TSISlope1, TSISlope2, and TSIOvershoot served as dependent
variables. To address hypothesis no. (i) and (iii), “type of occlusion” was established as
an independent five-step variable including arterial occlusion with pressure cuff, venous
occlusion with pressure cuff, closed pHMI of the exoskeleton Lucy, closed pHMI of the
exoskeleton Paexo Shoulder, and closed pHMI of Skelex 360. A repeated-measures ANOVA
was performed, followed by pairwise comparisons with a Bonferroni correction of the
alpha level to determine whether and which test modes differ from each other in resting
position. In case of violation of sphericity, the correction according to Greenhouse–Geisser
was used.

To determine the effect of movement versus resting position on oxygen levels (hypoth-
esis (ii)), a two-factorial ANOVA was performed with the inner-subject factors’ “movement”
(2): resting vs. dynamic condition and “pHMI design” (3): Lucy, Paexo Shoulder, and
Skelex 360 for all aforementioned dependent variables.
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3. Results
3.1. Pressure

pHMI pressure in the resting position conditions with exoskeletons averaged overall
at 25.2 (14.4) mmHg, ranging from 6.6 to 59.3 mmHg. In the dynamic test condition with
exoskeleton, pHMI pressure averaged overall at 40.3 (19.7) mmHg, ranging from 10.9 to
76.5 mmHg. Table 3 lists the mean and standard deviation pressure values for each of the
exoskeletons and test conditions. All test conditions in resting posture differed significantly
from arterial occlusion; see Table 3. Additionally, there was a significant difference in pHMI
pressure for Lucy and Skelex 360 with venous occlusion condition, as well as a significant
difference in pHMI pressure between Paexo and Lucy; see Table 4. The two-way ANOVA
revealed a significant effect in movement as well as for pHMI design; compare Table 5.

Table 3. Descriptive data of the measurements (mean (standard deviation)).

Resting Posture Dynamic Movement
Art. Occ. Ven. Occ. Lucy Paexo Skelex Lucy Paexo Skelex

Mean pressure [mmHg] 200.1 (1.8) 52.6 (0.4) 16.1 (6.5) 38.3 (14.3) 23.8 (11.8) 24.3 (12.9) 55.7 (21.4) 39.3 (10.7)
TSIBase [%] 58.3 (3.1) 60.7 (2.8) 55.8 (8.0) 57.3 (6.3) 56.4 (5.8) 56.4 (6.9) 57.2 (5.3) 56.4 (5.9)

TSISlope1 [%/min] −2.1 (1.1) −1.5 (0.5) −1.6 (1.0) −2.5 (2.2) −2.7 (1.5) −5.9 (3.6) −9.0 (4.5) −7.0 (4.3)
TSISlope2 [%/min] 35.6 (18.4) 6.5 (5.7) 6.7 (5.9) 7.7 (5.9) 7.0 (5.5) 46.1 (33.3) 58.7 (25.4) 51.6 (36.8)

TSIOvershoot [%] 9.8 (4.2) −1.2 (2.7) 1.6 (2.7) 1.4 (1.7.) 1.4 (2.4) 11.8 (6.4) 9.6 (5.7) 10.3 (5.8)

3.2. Tissue Oxygenation

TSIBase averaged 57.2 (5.7) % for all test conditions before occlusion was applied or
pHMI was closed. There was no significant difference in TSIBase for all test conditions.
Table 3 lists TSIBase for each test condition.

Figure 7A shows the mean TSI trajectories of the test conditions in resting posture
with closed exoskeleton interfaces against TSI trajectories of the standardized Vascular
Occlusion Tests. Figure 7B shows the mean TSI trajectories of the dynamic exoskeleton
conditions against the standard Vascular Occlusion Test trajectories.
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The downslope of TSI (TSISlope1) averaged −2.1 (1.4) %/min over all resting conditions.
There was no significant difference between all resting conditions in TSISlope1; see Table 4.
In dynamic test conditions, TSISlope1 averaged −7.3 (4.1) %/min over all exoskeleton
conditions. The TSISlope1 values for each dynamic condition can be found in Table 3.
The multifactorial ANOVA revealed a significant difference for TSISlope1 between resting
and dynamic test conditions (movement), whereas no significant difference was found
for the exoskeleton design and the interaction between pHMI design and movement;
compare Table 5.
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Table 4. Repeated-measure ANOVA outcomes and post-hoc comparison for comparison of all
resting conditions.

Outcome
Parameter

Overall
(p-Value (F-Value, η2)) Sample 1 Sample 2 Distance p-Value CI-95%

Mean pressure
[mmHg] <0.001 (767.32, 0.991) * Art.Occ. Ven.Occ. 147.550 <0.001 * [144.5–150.5]

Lucy 184.499 <0.001 * [179.7–179.7]
Paexo 160.019 <0.001 * [140.2–179.7]
Skelex 176.848 <0.001 * [160.1–193.5]

Ven.Occ. Lucy 36.949 <0.001 * [27.2–46.6]
Paexo 12.469 0.437 [−7.9–32.9]
Skelex 29.298 <0.001 * [14.3–44.2]

Lucy Paexo 24.480 0.006 * [−41.2–−7.7]
Skelex −7.6 0.427 [−20.1–4.8]

Paexo Skelex 16.829 0.204 [−5.8–39.5]

TSISlope1 0.124 (1.984, 0.221)

TSISlope2 0.002 (13.194, 0.653) * Art.Occ. Ven.Occ. 27.985 0.022 * [3.9–52.0]
Lucy 29.679 0.084 [−3.9–62.6]
Paexo 28.838 0.042 * [1.0–56.6]
Skelex 26.134 0.054 [−0.3–52.6]

Ven.Occ. Lucy 1.694 1.000 [−11.6–14.9]
Paexo 0.853 1.000 [−9.7–11.4]
Skelex −1.851 1.000 [−15.8–12.1]

Lucy Paexo −0.841 1.000 [−10.5–8.8]
Skelex −3.545 1.000 [−16.6–9.5]

Paexo Skelex −2.704 1.000 [−10.4–4.6]

TSIOvershoot <0.001(17.710, 0.717) * Art.Occ. Ven.Occ. 11.541 0.004 * [4.1–18.8]
Lucy 9.328 0.011 * [2.2–16.4]
Paexo 8.545 0.032 * [0.7–16.3]
Skelex 8.9 0.014 * [1.8–16.1]

Ven.Occ. Lucy −2.2 1.000 [−8.4–4.5]
Paexo −2.9 0.114 [−6.5–0.5]
Skelex −2.5 1.000 [−8.3–3.0]

Lucy Paexo −0.782 1.000 [−5.8–4.3]
Skelex −0.436 1.000 [−4.4–3.7]

Paexo Skelex 0.436 1.000 [−3.3–4.1]

* Significant outcome, p < 0.05.

The upslope of the oxygen level (TSISlope2) after reopening the tourniquet or pHMI
averaged at 35.6 (18.4) %/min for arterial occlusion, at 6.5 (5.7) %/min for venous occlusion,
at 6.7 (5.9) %/min for Lucy, at 7.7 (5.9) %/min for Paexo Shoulder, and at 7.0 (5.5) %/min
for Skelex 360 in resting condition; see Table 3. Repeated-measures ANOVA for the
resting conditions revealed a difference between arterial occlusion and venous occlusion
as well as between arterial occlusion and Paexo Shoulder; see Table 4. There was no
difference between venous occlusions and the exoskeleton conditions as well as among
the exoskeletons. In dynamic conditions, TSISlope2 averaged at 51.9 (31.4) %/min for all
exoskeleton conditions. The multifactorial ANOVA revealed a significant difference for
movement but not for pHMI design or the interaction of the two factors for the dependent
variable TSISlope2; see Table 5.
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Table 5. Results of multifactorial ANOVA with repeated measures (p-value (F-value, η2)).

Outcome
Parameter pHMI Design Movement pHMI Design ×

Movement

Mean pressure 0.002 (22.488, 0.882) * <0.001 (35.522, 0.835) * 0.918 (0.086, 0.028)
TSISlope1 0.058 (3.408, 0.299) <0.001 (28.561, 0.781) * 0.421 (0.914, 0.102)
TSISlope2 0.637 (0.464, 0.055) 0.001 (23.916, 0.749) * 0.818 (0.203, 0.025)

TSIOvershoot 0.988 (0.012, 0.002) <0.001 (25.951, 0.764) * 0.901 (0.100, 0.012)
* Significant outcome.

A hyperemic effect appeared as TSIOvershoot in the arterial occlusion, Lucy, Paexo
Shoulder, and Skelex condition with 9.8 (4.2) %, 1.6 (2.7) %, 1.4 (1.7.) %, and 1.4 (2.4) %.
There was no overshoot in venous occlusion, averaging at −1.2 (2.7) %; see Table 3. A
significant difference in TSIOvershoot was found for the resting conditions as well as venous
occlusion with arterial occlusion; see Table 4. TSIOvershoot in dynamic conditions averaged
11.8 (6.4) %, 9.6 (5.7) %, and 10.3 (5.8) % for Lucy, Paexo Shoulder, and Skelex 360.

A significant change in TSIOvershoot was revealed between resting and dynamic con-
ditions (movement) but not between pHMI design conditions or the interaction between
pHMI design and movement by the multifactorial ANOVA; see Table 5.

4. Discussion

Safety will be the underlying evaluation criterion for future exoskeletons. Evaluation
methods such as force, pressure, or subjective user experience assessment are insufficient or
show inconsistencies, making safety regulations difficult to draw [50]. The underlying idea
of this paper was to establish an additional safety criterion for pHMI designs and to capture
tissue oxygenation as a physiological metric and direct physical effect of pHMI pressure.

Therefore, the study verified whether the use of circular interfaces of shoulder ex-
oskeletons had an influence on tissue oxygenation and whether assisted movement with
exoskeleton neutralizes a possible influence.

The comparison with the standard Vascular Occlusion Tests was chosen to verify
whether occlusion also occurs due to the circular pressure of the pHMI or whether the TSI
behavior differed systematically between VOT and exoskeleton conditions at rest. It can be
assumed that a decrease in oxygen saturation during standard occlusion is a sign of venous
blood stasis and that there is reduced blood flow in the capillary bed as a whole [51].

A sign of venous blood stasis is significant regarding two aspects. First, a reduced
blood flow results in a reduced supply to the muscles and thus a reduced metabolic activity,
which in turn can lead to painful and hardened muscles [52]. Second, a reduced blood flow
favors the accumulation of platelets [53] which in turn can lead to thrombosis or embolism
in a longer term. Because blood flow to the upper extremity is already reduced when the
arms are elevated [25,27,32], additional occlusion through a shoulder exoskeleton interface
becomes even more important.

4.1. Pressure

In the current study, subjects tightened the arm interface of the exoskeletons in such
a way that the pressure of the pHMI was perceived as comfortable and the exoskeleton
was easy to control, just as they would if the exoskeleton were in normal working use.
The pressures within the Lucy and Skelex 360 interface are distinctively lower than the
venous occlusion pressure, while the pressure within the Paexo Shoulder interface is not
significantly different from the venous occlusion pressure (Table 3). With both Paexo
Shoulder and Skelex 360, most study participants closed the interface to such an extent that
both the threshold for initial venous occlusion (29.3 mmHg) [54] and the recommended
threshold for exoskeletal interface pressure (20 mmHg) [39] were exceeded, which is in line
with [40].

Mean pressure values increased in the dynamic use of the exoskeleton on average for
66%, 69%, and 61% in Lucy, Paexo Shoulder, and Skelex 360, respectively. This increase in
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pressure is likely attributed to the displacement of the muscle belly during the movement
and the change in muscle tone during the experimental task or the relative displacement
between exoskeletal and biological interface components [15,55].

The pressure used by the subjects to tighten the Paexo Shoulder and Lucy exoskeleton
interface differed systematically from one another (Table 4). The fact that the interface and
the kinematics of these exoskeletons differ greatly could be of relevance here. The hard
parts of the interface of the Paexo Shoulder exoskeleton enclose the arm to a greater extent
(Table 2), while the arm rather rests on the hard part of the Lucy interface. In addition,
subjects might have tightened the pHMI of the Paexo Shoulder using higher pressure to
achieve enhanced control over the exoskeleton with its open kinematic chain and variable
pivot point of the shoulder equivalent joints.

4.2. Tissue Oxygenation in Resting Position

When the TSI trajectories are visually inspected in exoskeleton conditions (Figure 7),
initially there is a slight increase in TSI before there is a decrease in the values over the
entire occlusion. After reopening the interfaces, TSI increases and a small overshoot occurs.
The slight increase in TSI at the beginning of occlusion may be due to small movements of
the subjects when the pHMIs were closed by the investigator.

TSISlope1 showed no significant difference between the exoskeletal under resting condi-
tions and venous occlusion (Table 4). Therefore, it can be concluded that hypothesis (i) can
be confirmed. The low pressures within the exoskeletal interfaces already lead to restricted
blood drainage following a reduction of oxygen saturation in the tissue underneath the
interfaces, comparable to a two-minute standard venous occlusion at 50 mmHg.

The gradient of TSISlope1 itself appears to depend predominantly on physiological
processes, such as metabolic and oxygen consumption, since there was also no significant
difference in the decrease in TSISlope1 during the short occlusion period between arterial,
venous, and exoskeletal occlusion.

TSISlope2 and TSIOvershoot are representative of the ability of the organism to respond
to the occlusion, remove venous blood and metabolites, and reoxygenate the tissue. For
this purpose, the body uses reactive hyperemia. Generally, the extent of reactive hyperemia
depends on the duration of the preceding ischemia (the longer, the more severe) and the
metabolic activity of the affected area. During prolonged ischemia (>30 s), the partial
pressure of oxygen drops and vasoactive metabolites accumulate. These trigger local
chemical dilation of the vessel upon reopening [56] (pp. 202–208).

TSISlope2 and TSIOvershoot did not differ significantly between venous and exoskeletal
conditions, further indicating that blood supply is impeded by the pHMIs pressure (Table 4).
The putative pressure difference (Table 4) between the exoskeletal interfaces does not appear
to significantly affect the steepness of resaturation after occlusion. Rather, the pressure
threshold leading to a decrease in TSI appears to be well below the 50 mmHg used in
venous occlusion. This is in agreement with the considerations of Casavola et al. [54], who
defined a threshold as low as 29 mmHg for the first venous blood flow restrictions.

4.3. Tissue Oxygenation in Dynamic Arm Movement

Previously, it was assumed that exoskeleton-assisted arm movement could compensate
for a negative effect on tissue oxygen saturation by regular loading and unloading at the
interface, activating the cardiovascular system as well as the musculovenous pump. The
metabolic effects on the TSI response were estimated to be negligible because the shoulder
muscles performed the main work of the dynamic task and the upper arm muscles had to
perform only minor stabilization functions.

When visually inspecting the TSI trajectories under motion and closed pHMIs (Figure 7),
TSI first overshoots, drops rapidly after ~15 s in a wave-like manner, and settles at a level
slightly above baseline value after ~1.5 min. After reopening the pHMIs, the signal increases
rapidly and overshoots significantly higher than in resting exoskeleton or venous conditions
but returns to baseline faster than in arterial occlusion in resting posture. This signal behav-



Appl. Sci. 2023, 13, 10534 12 of 17

ior, especially the TSI recovery rate and overshoot after occlusion, is usually not observed in
studies with light exercise; compare [49,57,58]. It may have occurred as a motion artifact
when subjects inadvertently tried to assist the examiner in closing the pHMI and slightly
tightened the upper arm muscles.

The results of the dynamic TSI measurements are not yet fully understood. Contrary
to hypothesis (ii), the study showed that exercise does not neutralize oxygen saturation
in the tissue as long as the pHMI is closed. TSISlope1 dropped significantly steeper in
the occlusion period with movement compared to the resting conditions and TSISlope2
showing significantly higher growths as well as higher TSIOvershoot values with movements
(compare Tables 3 and 5). On the other hand, hypothesis (ii) is supported by the fact that
the TSI values settle at a balanced level after some time of occlusion during the light activity.
The reason for this will be functional vasodilation of the anterior arteries and arterioles due
to motion [56].

The steeper downslope during occlusion with exercise, compared to rest, could be
explained by enhanced metabolic activity as well as persistent stasis due to pHMI pressure.
It seems unlikely that the increase in blood pressure in the capillary bed (due to vasodilation)
rises to an extent that the external restrictive occlusion of pHMI is exceeded. Accordingly,
the pHMI does not allow the removal of venous blood and the metabolites. This is also
supported by the upslope and overshoot behavior of TSI.

TSISlope2 and TSIOvershoot, as expressions of a hyperemic response, show significant
results only for the factor movement, but are not determined by the factor pHMI design or
the interaction between both; compare Table 5. Therefore, the steeper increase in TSISlope2
and the higher percentage of TSIOvershoot when performed with exercise probably reflect a
combination of functional and reactive hyperemia, caused by blood stasis, metabolite accu-
mulation, and cardiovascular activity. However, the influence of movement on TSISlope2
and TSIOvershoot cannot be quantified, since in this first pilot no testing was run with
motion only. The faster decline to baseline can probably be explained by the increased
cardiovascular activity due to exercise.

4.4. Considerations on the Design of pHMIs

Discomfort is a key factor that often negatively affects the user experience when wear-
ing occupational exoskeletons [19,59,60]. The pressures occurring within circular pHMIs,
which already result in mild stasis, may be one reason for the perceived discomfort, as
multifactorial analysis showed no effect for differences in pHMI design nor the interaction
between design and movement (Table 5). However, all circular pHMI designs showed
decreased TSI values in resting posture and dynamic use of the exoskeletons, indicating
a reduced blood flow, already in the short-term use. Although a direct comparison of a
circular and an open pHMI design is yet to be realized, it should be considered whether
a circular enclosure design of the interfaces at the upper extremities is necessary. Open
pHMIs would prevent an occlusion effect of a circular interface.

To optimize the pHMI fit, a design approach could be to account for human anthropo-
metric heterogeneity and changes in volume during movement by performing anthropo-
metric studies specifically tailored to the body region of a certain interface with the aid of
3D shape analysis [55,61]. In a second step, it is necessary to ensure that interfaces remain
in position, either through active control (active exoskeletons) [62,63] or biomechanical
measurements of relative movements (passive exoskeletons) [50].

In the case of an exoskeletal concept with an open kinematic chain and variable pivot
points, which makes greater control by the user unavoidable, at least the interface should
be provided with a band whose elasticity takes into account the changes in the volume
of the muscle bellies during movement. For this purpose, pressure thresholds should be
established that take into account the perfusion situation below the interface and keep
deformations at a minimum [31].
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4.5. Limitations

Pressure measurement between soft tissue and the soft padding of the pHMI is gener-
ally a difficult matter as human soft tissue hampers the reliability of measurements [64].
The pneumatic sensor was chosen in order to apply a system that could be easily integrated
into the different pHMIs, without destroying the integrity of the pHMI and reducing their
comfort. Using this type of sensor should not have any impact on the NIRS outcomes,
because the sensor is flat, soft, and does not take much further space in the interface.
Nevertheless, it is difficult to generalize the occurring pressures and to infer the total cir-
cumferential pressure of the pHMI. Due to the locally defined measurement, both pressure
peaks and lows may have been recorded. To directly relate circumferential pressures to
NIRS outcomes, a measurement method directly within the interface structure itself, for
example, using strain gauges, would be necessary.

Deep tissue oxygenation was monitored directly under the tourniquet or pHMI,
respectively. The NIRS readings may have been influenced by the pressure of the tourniquet
or pHMI on the NIRS optodes and the tissue since the tissue underneath the optodes was
compressed and possibly slightly displaced during occlusion.

NIRS measurements in standard occlusions are usually performed on relaxed muscles
in a supine or sitting position to minimize the hydrostatic effects and thus establish compa-
rable baseline conditions in the circulatory system. Since measurements in a sitting or even
lying position were not possible with the exoskeletons, the NIRS investigation was limited
to the area underneath the arm interface, which is at heart level. However, it would have
been important to see how oxygen saturation distal to the interface, for example, on the
forearm or hand, would have reacted to the occlusions of the pHMI. More basic research
while standing would be needed to obtain valid results for areas further distal.

The study sample size is relatively small with 12 subjects. The study population
was chosen very specifically to guarantee high-quality NIRS signals through low partici-
pants ATT [41]. The generalizability of the data may be reduced due to these two issues.
Nevertheless, the results indicate an effect that has not received much attention within
exoskeleton research to date. For further studies dealing with the effects of exoskeleton
interface pressure on blood supply, it will be worthwhile to increase the generalizability
and impact by choosing a larger sample size and a more diverse study population.

4.6. Future Work

The results need further verification in a large-scale study to evaluate the influence
of the factors revealed in this pilot study. Some factors to be mentioned in the context
of measuring tissue oxygenation when using exoskeletons are the dependence of the
movement speed and or heart frequency, as well as possible motion artifacts at the moment
of closing the pHMI. Future NIRS studies have to take these dependencies into account.

To further assess exoskeletal interfaces, a long-term recording of the tissue oxygen
saturation over a comparable time to the average wearing time of shoulder exoskeletons is
required. It is unclear how the body responds to the relatively low pressure of pHMI in
the long term, especially if the assisted movement is maintained with an exoskeleton or is
intermittent, as it would be in real work shifts. Especially in long-term studies, additional
qualitative measures such as comfort scales should be used to reliably demonstrate the
relationship between pressure, tissue oxygenation, and comfort. In addition, a direct
comparison should be made between circular and open interface designs. Furthermore, it
is still unclear what effects occur distal to the pHMI, for example, on the forearm and hands.
In order to consider the hydrostatic effects here, further basic research with occlusions in
the standing position is needed.

5. Conclusions

Three shoulder exoskeleton interfaces with a circular design were analyzed in com-
parison to a standardized vascular occlusion test at rest and dynamic usage regarding
the oxygen level of the tissue underneath the interface. Tissue oxygenation was deter-
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mined to assess the physical effects of exoskeleton interfaces and to establish a measure
of exoskeleton user safety in addition to pure mechanical outcome parameters such as
force, pressure, and relative motion. Accordingly, this new measure focuses the user when
assessing human–exoskeleton interaction and is ultimately able to protect the user from
possible undesirable mechanical loads. Conclusions about the design of pHMI can also be
drawn using this new measure.

In the present study, it could be shown that tissue oxygenation decreases while wear-
ing the exoskeletons with circular pHMIs at rest, indicating a negative effect of the circular
pHMIs on tissue oxygenation. Contrary to the second hypothesis that movement neu-
tralizes the negative effects of pHMI pressure by activating the muscular pump and the
regular loading and unloading at the interface, in dynamic use, the tissue oxygen decreases
faster than in rest with the exoskeletons. Intense reoxygenation and hyperemia after pHMI
opening reflects combined functional and reactive hyperemia indicating that metabolites
and venous blood could not be removed while wearing the exoskeletons. However, the
stabilization of tissue oxygen near baseline is incoherent. Further research is needed to
clarify the data. The shape and width of the different pHMIs influence the pressures
occurring within the interfaces, but they do not differ significantly with respect to the rate
of reduction of tissue oxygen saturation, reoxygenation, or hyperemic effects.

When designing new interfaces, consideration should be given to whether the inter-
faces can remain open from the outset to avoid occlusion effects. Otherwise, anthropometric
design approaches are to be favored and elastic belts should account for the pressure change
in dynamic use. Moreover, pressure tissue oxygenation should be investigated as a stan-
dard for the consequences of external pressures and constant oxygenation of the tissue
should be ensured. A pressure threshold taking into account the tissue oxygen content
should be established as a new measure of safety for pHMI of exoskeletons.
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