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Abstract

Soft exoskeletons apply compressive forces at the limbs via connection cuffs to actuate movement or stabilize
joints. To avoid excessive mechanical loading, the interface with the wearer’s body needs to be carefully
designed.

The purpose of this study was to establish the magnitude of circumferential compression at the lower limb
during walking that causes discomfort/pain. It was hypothesized that the thresholds differ from those during
standing.

21 healthy participants were tested using two sizes of pneumatic cuffs, inflated at the thigh and calf in a tonic
or phasic manner. The results showed lower inflation pressures triggering discomfort/pain at the thigh, with
tonic compression, and wider pneumatic cuffs. The thresholds were lower during walking than standing still.
Deep tissue oxygenation increased during phasic compression and decreased during tonic compression.
According to the findings, circumferential compression by soft exoskeletons is preferably applied at anatomical

sites with smaller volumes of soft tissue, using narrow connection cuffs and inflation pressures below 14 kPa.
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1. Introduction

In the past decade, powered gait-assistive devices have been made commercially available for locomotion
assistance and gait rehabilitation in the medical field, and augmentation of human abilities for military and
industrial purposes. To date, the vast majority of exoskeletons are manufactured from hard materials that
apply mechanical loads to the user’s body via rigid components. Recently, attempts are being made to develop
lighter, low-profile soft robotic devices, composed of textiles and similar soft materials, referred to as soft

exoskeletons or exosuits (Asbeck, De Rossi, Galiana, Ding, & Walsh, 2014).

The physical interactions between the user and hard or soft exoskeleton are quite different. Hard exoskeletons
mostly affect weight-bearing sites, which are usually relatively small surface areas, whereas soft exoskeletons
typically interface with larger surface areas including around limbs. They do not restrict natural gait, but can
prevent joint movement in abnormal gait patterns where joint stability is impaired due to neuro-muscular
deficits. One approach to joint stabilization is by means of circumferential compression as seen in inflatable
and vacuum splints. However, most soft exoskeletons to date are designed to apply tensile forces across joints
to actuate movement, which causes non-circumferential compression affecting primarily the tissues under the
actuated side of the connection cuff. With the increasing interest in exosuits, the design of the physical
human-robot interface has been gaining much attention in ergonomics with the aim to limit/eliminate the

wearers’ discomfort and prevent tissue damage.

At the human-exosuit interface, external pressure is exerted on the limbs, resulting in mechanical loading of
the soft tissues (i.e., skin, adipose and muscle tissues), that can potentially lead to pressure-related deep tissue
injury if excessive. The risk for soft tissue damage depends on the magnitude of external loading, its direction,
distribution, duration, and loading cycle frequency (Bader, 1990; Mak, Zhang, & Boone, 2001); but also on the
thickness, tone, mechanical stiffness and integrity of the intervening soft tissues, and the proximity of bony
prominences (Agam & Gefen, 2007; Linder-Ganz & Gefen, 2009; Oomens, Loerakker, & Bader, 2010;
Sangeorzan, Harrington, Wyss, Czerniecki, & Matsen, 1989; Tamez-Duque et al., 2015). Thus, it is not possible

to base safe thresholds for mechanical loading of soft tissues solely on interface pressure measurements, and



attempts are being made to employ additional physiological measures.

In our previous study (Kermavnar, et al. 2019) we proposed the use of perceived discomfort and deep tissue
oxygenation at the human-exosuit interface to study safe limits for mechanical loading of soft tissues.
Discomfort and pain are direct indicators of potential tissue damage (Mak et al. 2001; Pons, 2008), and
localized ischemia has been recognised as one of the key causes of soft tissue injury (Bouten et al. 2003;
Reenalda et al. 2009; Stekelenburg et al. 2008). Cuff pressure algometry (CPA) studies performed at the lower
limb have shown that circumferential compression of soft tissues typically causes pain at 20-27 kPa in healthy
participants (Kermavnar, Power, de Eyto, & O'Sullivan, 2018a) and under 20 kPa in patients with chronic pain
(Kermavnar, Power, de Eyto, & O'Sullivan, 2018b) who tend to be the target user population for gait-assistive
devices. However, algometry studies are typically performed on subjects in the supine or seated position, and
with tonic pressures, which might render the results inapplicable to the conditions during soft exoskeleton use.
Namely, the user of a powered gait-assistive device is standing or walking, thus the muscle tissue at the lower
limbs is constantly activated in an intermittent manner, and the mechanical loading is phasic. Moreover,

algometry focuses on painful stimuli and does not address the pre-pain discomfort.

The distinction between discomfort and pain is not universally agreed upon (Stanghellini, 2001). Some define
discomfort as a subjective unpleasant sensation that is not interpreted as pain (Talley et al., 1999), whereas
others consider discomfort to be a mild form of pain (Holtmann, Stanghellini, & Talley, 1998). According to
Kolsch et al. (2003), discomfort and pain lie on the same continuum from the positive sensation of comfort
towards increasingly negative sensations: comfort - unaware discomfort - aware discomfort — fatigue — pain
(Kolsch, Beall, & Turk). On the other hand, Neumann (2001) argues that discomfort is not one of the basic
sensations produced by neuroreceptors, such as pain, pressure, vibration, and temperature. Although pain
nearly always causes discomfort, discomfort need not always be triggered by pain. It occurs when basic
sensations negatively affect one’s physiological homeostasis, psychological well-being, or both, and are
therefore assigned a negative valence and associated with the expectation of pain (Neumann, 2001; Shen &
Parsons, 1997). In the current study, we define discomfort as an unpleasant sensation that occurs prior to pain,
and increases with the increase of pain. Therefore, the intensity of discomfort ranges from barely perceivable
(no pain) to unbearable (unbearable pain), and the detection of pain occurs at a certain point between the two
extremes (Pain Detection Threshold - PDT). As user-centered design aims to eliminate every possibility of
tissue damage, our study focuses on mechanical loading that occurs below PDT. In our previous study

(Kermavnar et al., 2019) we found that Discomfort Detection Thresholds (DDTs) differ for different assessment



sites and patterns of mechanical loading during standing, corresponding to the risk factors for soft tissue
damage outlined above. Therefore, we need to establish safe thresholds for each of the possible loading

combinations separately, in order to provide reliable safety guidance for circumferential compression.

In addition to discomfort/pain, soft tissue oxygenation changes during compression can provide information
on the physiological effects of the levels and temporal patterns of mechanical loading. Localized areas of soft
tissue breakdown due to ischemia are particularly common in individuals who are exposed to longer durations
of tissue compression, e.g. patients who are confined to beds, chairs and/or wheelchairs for long durations,
and people who wear prostheses or orthoses (Bouten et al., 2003). Several attempts have been made to
prevent soft tissue breakdown by identifying oxygen deprivation before irreversible damage occurs. Various
techniques have been used that primarily focused on skin oxygenation and perfusion. However, skeletal
muscle is the most vulnerable of all tissues to pressure-induced damage (Nola & Vistnes, 1980), thus more
recent studies suggest that deeper layers of soft tissue are also monitored (Bouten et al., 2003). Due to its
ability to provide information about the deeper layers of soft tissue, Near-Infrared Spectroscopy (NIRS) is

recognized as a promising method to aid in assessing muscle tissue oxygenation.

Several factors can influence results in this field of research, and these need to be considered. According to
previous studies, PDTs recorded by CPA are higher for men than women (Graven-Nielsen et al. 2015; Lemming
et al., 2017); age correlates significantly negatively with pressure-pain thresholds, mainly affecting peripheral
(Petersen et al., 2017) but also central nociceptive mechanisms (Pud et al. 2009; van Wijk & Veldhuijzen,
2010); and PDTs are significantly correlated to isokinetic muscle strength (Jespersen et al., 2007) and higher in
highly active participants (Lemming et al. 2017). Physical activity and training also influence the pattern of
muscle deoxygenation in response to ischemia, muscle reperfusion and oxygen utilisation; as recorded by NIRS
(McLay et al. 2016; Soares et al. 2017). Moreover, the penetration depth of near-infrared light into tissue is
approximately half the inter-optode distance (Chance et al. 1992), thus Adipose Tissue Thickness (ATT)
exceeding penetration depth prevents measurement of muscle oxygenation. Furthermore, skin pigmentation
under the NIRS optodes can diminish the NIRS signal due to light attenuation (Wassenaar & Van den Brand,

2005), therefore skin type needs to be taken into account.



CPA and NIRS during vascular occlusion are typically performed on relaxed muscles during lying or sitting. For
the results to be applicable to exosuit use, testing was performed on participants standing still (Kermavnar et
al., 2019), where circumferential compression was found to trigger discomfort and pain at lower pressures at
the thigh than calf, with wider cuffs and tonic inflation. However, muscle tone under the cuff importantly
influences the transmission of cuff inflation pressure to the tissues (Hughes, Rosenblatt, Gissane, Paton, &
Patterson, 2018), thus dynamic muscle contractions during ambulation could cause fluctuations of pressure
transmission efficiency to deeper tissues, and as a consequence influence the development of discomfort and
changes in soft tissue oxygenation. Furthermore, the increased demand of muscle tissue for oxygen and the
effects of the muscle pump on venous blood flow during walking may influence tissue oxygenation at the

assessment sites.

Due to the lack of data on the influence of circumferential compression of various modalities at the lower limb
on discomfort and pain perception, and deep tissue oxygenation during walking, the aim of this study was to
investigate the dynamic loading conditions as induced by soft exoskeletons. It was hypothesized that DDTs,
PDTs and deep tissue oxygenation were affected by inflation pattern (ramp versus staircase), by cuff width

(large versus small), and assessment site (calf versus thigh).

2. Method

2.1 Participants

Healthy volunteers were recruited from the University of Limerick. Volunteers were excluded from the study if
any of the following criteria were present: (1) BMI > 30 kg/m?; (2) skin fold at the assessment site = 40 mm; (3)
medical history of cardiovascular, respiratory, neurological or endocrine disease; (4) current musculo-skeletal
injury or disorder, acute or chronic pain, local skin injury or disorder at the lower limb; (5) use of medications
that could influence the cardiovascular, respiratory or nervous system; (6) special diet or use of food
supplements. Participants were required to abstain from caffeine, nicotine, alcohol and food intake 8 hours

prior to testing, and were asked to avoid strenuous exercise 24 hours prior to testing.



A full factorial experiment design gave 8 treatment combinations. We planned to test 3 replications of the full
factorial design, thus participants (24). Data for three participants were contaminated and therefore unusable
giving 21 usable data sets. As detailed previously, various factors can affect PDT/DDT and NIRS in a study of
this nature. The approach in this experiment was to include a relatively wide sample of genders, ages and

activity levels, as might be indicative of potential users of such technology.

This research was approved by the Research Ethics Committee at the University of Limerick (2017_07_03_S+E).

2.2 Experimental design

The experiment was a 2x2x2 full factorial design. The independent variables were the assessment site (thigh
and calf), pneumatic cuff width (5 and 12 cm) and inflation pattern (ramp and staircase). The dependent
variables were Pain Detection Threshold (PDT) and Discomfort Detection Threshold (DDT). From the NIRS
recordings, the change in deep tissue oxygenation under the cuff (Tissue Oxygenation Change - AStO,) was
extracted as the difference between the baseline StO, and StO; at the end of vascular occlusion (Figure 1).
AStO;, was used to compare the effects of the assessment site, cuff width and inflation pattern on soft tissue

oxygenation.

VASCULAR OCCLUSION

StO, (%)

Baseline StO,

End StO,

Time

Figure 1: Pressure-induced Tissue Oxygenation Change (AStO.).

Testing was performed in a randomized order, with both cuff widths and inflation patterns used first at one of

the assessment sites and then the other.



23 Experimental procedure

23.1 Equipment

2.3.1.1 Pneumatic cuffs. A Hokanson SC5 tourniquet cuff (width 5 cm) and Hokanson Rapid deflate SC12D
(width 12 cm) were used. The cuffs were positioned at the dominant thigh and calf, loosely wrapped with a
non-elastic adhesive tape (Leukosilk, BSN medical GmbH, Hamburg, Germany) to ensure an even distribution
of pressure, and secured in place with elastic straps attached to a waist belt (Thermoskin Adjustable back

stabiliser, United Pacific Industries Pty Ltd, Kilsyth, Australia) via Velcro™ at the front and back to prevent it

from slipping down the leg (Figure 2).

Figure 2: Pneumatic cuff mounting on the body, in this case on the thigh.

2.3.1.2 Computerized cuff inflation apparatus. A custom-made computer controlled pneumatic system
(Design Pro, Rathkeale, Co. Limerick Ireland) was used to regulate pneumatic cuff inflation pressure and cycle
timing. The computer system was also used to record perceived discomfort, rated continuously on a 100 mm

hand-held electronic VAS and the NIRS signals from two assessment sites.

The computerized cuff inflation system was programmed in this instance to perform two inflation patterns, (1)
staircase and (2) ramp. The staircase pattern involved an incremental rapid inflation and deflation to
increasing target pressures (10, 20, 30, 40, 50, 60 kPa). The pressure pattern was 2 seconds of pressure, rapid
deflation, and 8 seconds of no compression, followed by the next incremental pressure (Figure 3). The ramp
pattern involved continuous inflation at 1 kPa/s to a maximum of 60 kPa (Figure 3). Thus, inflation pressure

increased at the same rate for both patterns, with the staircase pattern allowing for intermittent recovery,



which simulated the type of mechanical loading by exosuits that would occur during walking. No pressures
were tested above 60 kPa on safety grounds. Based on previously reviewed algometry studies (Kermavnar et

al., 2018a), it was expected that participants would terminate their treatments for PDT below this level of

pressure.
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Figure 3: Staircase inflation pattern (left) and ramp inflation pattern (right).

2.3.1.3 Discomfort rating. During the experiments, the participants continuously rated their perception of
discomfort on a 100-mm electronic VAS with values ranging from 0 (no discomfort) to 10 (unbearable
discomfort). The scale was based on the VAS of pain intensity and the Borg CR10 scale that are used in
algometry studies (Borg, 1998; Jensen, Chen, & Brugger, 2003; Lofgren et al., 2018), according to which the
perception of a certain attribute stretches from “nothing at all - 0” to “the strongest one has ever experienced
- 10”. The participants were requested to terminate the inflation when the compression became painful rather
than just uncomfortable by pressing the “stop” button. The participants’ discomfort was continuously sampled
and monitored at 10 Hz. The inflation pressure at termination was recorded as PDT, and the inflation pressure

at VAS>0 as DDT.

2.3.1.4 Deep tissue oxygenation. Deep tissue oxygenation during cuff inflation was monitored using a near
infrared spectroscopy system (MoorVMS-NIRS, Moor Instruments, UK) with NIRS optodes (NP1, Moor

Instruments, UK) at an inter-optode distance of 40 mm.



Due to the dynamic effects of walking on NIRS signal, baseline StO, was calculated as the mean value of StO; in
the last 10 seconds before cuff inflation, and minimum StO, as the mean value of StO; in the last 5 seconds

before and the first 5 seconds after PDT was reached and/or cuff inflation was terminated.

2.3.2 Testing procedure

The participants attended a single testing session. Prior to beginning the experiment, written informed
consent was obtained and participants were asked about their health status to ensure that they did not have
any of the conditions that would preclude them from taking part in the study. Next, the participants’
demographic and anthropometric characteristics were acquired to ensure their eligibility to participate, and
for the assessment of possible influences of the anthropometric factors on discomfort and NIRS
measurements. Recorded details were participants’ age (years), sex (male/female), race and active
engagement in sports (yes/no); stature (mm) and body mass (kg); thigh circumference and skin fold thickness
(mm) at % distance between greater trochanter and lateral epicondyle, over m. vastus lateralis; calf
circumference and skin fold thickness (mm) at the widest part of m. gastrocnemius (medial head). Participants’
stature and body mass were used for the calculation of BMI (kg/m?) and skin fold thickness for the calculation
of ATT (mm). All lower limb measurements during compression were performed at the dominant limb.

Ambient temperature and humidity were also recorded.

The NIRS optodes were attached to the participant’s dominant and contralateral lower limb, at one of the
respective assessment sites. For the thigh, the optodes were positioned over m. vastus lateralis at % distance
between greater trochanter and lateral epicondyle; and at the calf, over the medial head of m. gastrocnemius,
at the site of largest circumference. The skin under the probes was cleaned and shaven to optimize optode-
skin coupling and signal quality. The optodes were then covered with manufacturer-supplied probe holders
and attached to the skin with adhesive pads. For the dominant limb, one of the pneumatic cuffs was mounted
over the optodes and connected to the inflation device. The cuff was then inflated using one of the inflation
patterns. During the inflation, the participants continuously rated their perception of discomfort on the hand
held electronic VAS slider. Cuff inflation continued until the participant started feeling pain rather than just
discomfort, at which point they terminated the inflation by pressing the “stop” button. In case pain did not
occur, the inflation was automatically terminated at 60 kPa.
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After each treatment, the participants rested until their deep tissue oxygenation returned to baseline. They
then completed the other inflation pattern for that experimental setup. When both patterns were tested, the
procedure was repeated with the next cuff size. After testing all cuffs with both inflation patterns, the NIRS

optodes and pneumatic cuff were moved to the other assessment site and the entire procedure was repeated.

All recordings were performed with the participants walking on the treadmill at 1.2 m/s, i.e. the walking speed
necessary to safely cross the street (Amosun, Burgess, Groeneveldt, & Hodgson, 2007; Asher, Aresu,

Falaschetti, & Mindell, 2012; Romero-Ortuno, Cogan, Cunningham, & Kenny, 2010).

2.4 Data analysis

All data were analyzed using IBM® SPSS Statistics software Version 25, with significance set at p < 0.05. Three-
way repeated measures ANOVA was performed with assessment site, cuff width and inflation pattern as the
independent variables, and DDT, PDT and AStO; as dependent variables. Within-subjects effects were assessed
using an F-test with Mauchly's test and Huynh-Feldt correction for violation of sphericity. Multiple regression
analysis was performed to predict the intensity of discomfort from cuff inflation pressure, ATT and pneumatic

cuff width. Data are presented as mean and standard deviation (SD), and in plots with the means and standard

error (SE).
3. Results
3.1 Participants and environmental details

This study included 21 healthy participants (5 female, 16 male) aged 18-57 years (median age: 20 years),
recruited from the University of Limerick. Twenty participants were Caucasian, one male was African. Four
females and nine males reported that they engaged in sports. Participants’ anthropometric data are
summarized in Table 1. Ambient temperature and humidity during testing were 23.9°C£0.3and 41.4% + 7.1

respectively.

11



Table 1: Participants’ anthropometric data.

Age (years) Stature (mm) Body mass BMI (kg/m2) Circumference (mm) ATT (mm)
(kg) Thigh Calf Thigh Calf
Mean 22.3 1760 71.0 22.8 459 365 7.8 5.6
SD 8.3 85.2 11.6 2.3 47 26 4.2 3.4
Median 20.0 1765 69.7 22.8 453 363 6.9 4.4

ATT — Adipose Tissue Thickness, BMI —Body Mass Index, SD — standard deviation.

3.2 Repeated measures ANOVAs
The results of the ANOVAs are presented in Table 2, and the associated mean and standard deviation values

for the combinations of treatments are presented in Table 3.

Cuff width and inflation pattern had a significant effect on DDT (p < 0.05), but assessment site did not, nor

were there any significant interactions. For PDT, assessment site, cuff width and inflation pattern had a

significant effect (p < 0.05), and there was a highly significant two-way interaction between cuff width and

inflation pattern (p < 0.01). Regarding AStO,, assessment site and inflation pattern had a significant effect (p <

0.05), but cuff width did not (p = 0.748), and there were no statistically significant two-way or three-way

interactions between the factors.

Table 2: Results of the repeated measures ANOVAs

Source pDDT pPDT pAStO,
0.584 0.031* 0.015*
Assessment site
(F(1,20) =0.31) (F(1,20) =5.42) (F(1,20) =7.04)
0.023* 0.001* 0.748
Cuff width
(F(1,20) =6.11) (F(1,20) = 44.26) (F(1,20) =0.11)
0.001* 0.003* 0.001*

Inflation pattern

(F(1,20) = 35.14)

(F(1,20) = 11.62)

(F(1,20) = 19.03)

0.908 0.141 0.063
Assessment site * Cuff width
(F(1,20) = 0.01) (F(1,20) = 2.35) (F(1,20) = 3.88)
0.115 0.714 0.136
Assessment site * Inflation pattern
(F(1,20) = 2.71) (F(1,20) = 0.14) (F(1,20) = 2.41)
0.819 0.009* 0.315
Cuff width * Inflation pattern
(F(1,20) = 0.05) (F(1,20) = 8.46) (F(1,20) = 1.06)
0.225 0.863 0.236
Assessment site * Cuff width * Inflation pattern
(F(1,20) = 1.57) (F(1,20) = 0.03) (F(1,20) = 1.49)

DDT — Discomfort Detection Threshold, PDT - Pain Detection Threshold, AStO2 — Tissue Oxygenation Change. * p < 0.05
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Table 3: Mean values for each dependent variable, for each experiment combination (SD in brackets)

Assessment site Cuff width (cm) Inflation pattern DDT (kPa) PDT (kPa) AStO; (%)
Ramp 18.6 (10.0) 54.9 (13.1) 2.2(6.7)
° Staircase 25.3(14.0) 59.6 (4.8) -3.1(8.6)
Thigh
Ramp 14.1(5.7) 43.4 (14.6) -1.7 (9.5)
1 Staircase 22.7(7.4) 54.9 (13.2) -4.8(10.7)
Ramp 17.0(7.5) 56.0(9.3) 4.8 (13.0)
° Staircase 27.5(14.5) 60.3 (2.7) 1.0 (12.0)
calf Ramp 14.2 (5.0) 48.5(14.2) 10.6 (16.0)
= Staircase 23.6 (10.5) 58.9 (6.0) -1.6 (9.0)

DDT — Discomfort Detection Threshold, PDT - Pain Detection Threshold, AStO; — Tissue Oxygenation Change.

33 Discomfort Detection Threshold (DDT)

The findings showed a highly significant main effect (p < 0.01) of inflation pattern, and a statistically significant

main effect (p < 0.05) of cuff width on DDT, as presented in Figure 4. With the ramp inflation pattern,

discomfort was triggered at mean inflation pressures of 14.1-18.6 kPa, and with the staircase inflation pattern

at 22.7-27.5 kPa. Discomfort was triggered at mean inflation pressures of 17.0-27.5 kPa for the narrow cuff,

and 14.1-23.6 kPa for the wide cuff.

| Inflation pattern

g 30

= E Ramp

9 €] Staircase
20
10
0

Cuff width

Figure 4: DDT for cuff width vs. inflation pattern. Both, the cuff width and inflation pattern had a significant main effect on DDT (p < 0.05).

The interaction between cuff width and inflation pattern was not significant (p = 0.819).

The main effect of assessment site on DDT was not significant (p = 0.584), as presented in Figures 5 and 6. At

the thigh, discomfort was triggered at mean inflation pressures of 14.1-25.3 kPa, and at the calf, at mean

13



inflation pressures of 14.2-27.5 kPa. There were no significant two-way or three-way interactions between

assessment site, cuff width and inflation pattern.

* *

g-? 25 Cuff width
f’ T [ 5cm
8 20 - B 12w

15

10 : 8 =

5 - '

0

Thigh Calf

Assessment site

Figure 5: DDT for assessment site vs. cuff width. The cuff width had a significant main effect on DDT (p < 0.05), whereas the assessment

site did not (p = 0.584). The interaction between assessment site and cuff width was statistically insignificant (p = 0.908).
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Figure 6: DDT for assessment site vs. inflation pattern. The inflation pattern had a highly significant main effect on DDT (p < 0.01), whereas
the assessment site did not (p = 0.584). The interaction between assessment site and inflation pattern was statistically insignificant (p =

0.115).

3.4 Discomfort perception in relation to cuff inflation pressure

The results of multiple regression analysis to predict the intensity of discomfort (VAS) based on cuff inflation
pressure, adipose tissue thickness and pneumatic cuff width are presented in Table 4. When the equations are
calculated with sample values at the extremes of the independent variables, they predict some values just

outside the VAS range sampled (0-100). This reflects the quality of fit obtained (R? values) for the equations.
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The model for the thigh had an R? value of 0.539 and the model for the calf an R? value of 0.573. Both

equations and the individual predictor variables were highly significant.

Table 4: Discomfort perception in relation to cuff inflation pressure.

Regression equation R? PModel Pinfp patr pPcw
Thigh  [VAS=-11.535 +1.256 InfP - 1.834 ATT + 2.089 CW 0.539 | <0.001 | <0.001 | <0.001 | <0.001
Calf VAS = -7.520 + 1.214 InfP — 1.869 ATT + 0.968 CW 0.573 | <0.001 | <0.001 | <0.001 | <0.001

InfP — Cuff inflation pressure (kPa), ATT — Adipose tissue thickness (mm), CW — width of the pneumatic cuff (cm)

3.5

Pain Detection Threshold (PDT)

The findings showed a significant main effect (p < 0.05) of all within-subject factors on PDT, as presented in

Figures 7-9. The effect of cuff width and inflation pattern was highly significant (p < 0.01). At the thigh, pain

was triggered at mean inflation pressures of 54.9-59.6 kPa for the narrow cuff, and 43.4-54.9 kPa for the wide

cuff. At the calf, pain was triggered at mean inflation pressures of 56.0-60.3 kPa with the narrow cuff, and

48.5-58.9 kPa with the wide cuff. PDT was reached at 43.4-56.0 kPa with the ramp inflation pattern, and at

54.9-60.3 kPa with the staircase inflation pattern. The two-way interaction between cuff width and inflation

pattern was highly significant (p < 0.01). No other two-way or three-way interactions between the within-

subject factors were statistically significant.

© Cuff width
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Figure 7: PDT for assessment site vs. cuff width. Both, the assessment site and cuff width had a significant main effect on PDT (p < 0.05).

The interaction between assessment site and cuff width was statistically insignificant (p = 0.141).
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Figure 8: PDT for assessment site vs. inflation pattern. Both, the assessment site and the inflation pattern had a significant main effect on

PDT (p <0.05). The interaction between assessment site and inflation pattern was statistically insignificant (p = 0.714).
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Figure 9: PDT for cuff width vs. inflation pattern. Both, the cuff width and the inflation pattern had a highly significant main effect on PDT

(p < 0.01). The interaction between cuff width and inflation pattern was statistically highly significant (p < 0.01).

3.6 Tissue oxygenation change (AStO,)

A highly significant main effect of the inflation pattern (p < 0.01), and a significant main effect of the
assessment site (p < 0.05) on AStO, were found, as shown in Figure 10. In general, tissue oxygenation
decreased during ramp inflation (positive AStO;) and increased during staircase inflation (negative AStO;). The
mean decrease in oxygenation was more prominent at the calf (4.8 to 10.6 %) than at the thigh (-1.7 to 2.2 %),

whereas the mean increase in oxygenation was larger at the thigh (-4.8 to -3.1 %) than at the calf (-1.6 to 1.0

%).
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Figure 10: AStO; for assessment site vs. inflation pattern. The inflation pattern had a highly significant main effect on AStO: (p < 0.01), and
the effect of the assessment site was statistically significant (p < 0.05). The interaction between assessment site and inflation pattern was

not statistically significant (p = 0.136).

Cuff width did not have a significant effect on AStO,. The two-way and three-way interactions were not

significant. However, an interaction was apparent between the assessment site and cuff width (Figure 11).
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Figure 11: AStO; for assessment site vs. cuff width. The main effect of the assessment site on AStOz was statistically significant (p < 0.05),
whereas the main effect of cuff width was not (p = 0.748). The interaction between assessment site and cuff width was prominent but not

statistically significant (p = 0.063).

4, Discussion

The aim of this study was to establish pneumatic cuff inflation pressures that trigger discomfort and pain at the
thigh and calf of healthy participants during walking. It was hypothesized that DDTs, PDTs and deep tissue

oxygenation during dynamic muscle activity differ from those during standing still. The influence of assessment
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site, pneumatic cuff width and inflation pattern on the perception of discomfort and pain, and on deep tissue

oxygenation was investigated in order to inform soft exoskeleton design.

4.1 Discomfort (DDT) and pain (PDT)

The mean inflation pressures that caused discomfort ranged from 14.1 kPa for the ramp inflation of the wide
cuff at the thigh to 27.5 kPa for the staircase inflation of the narrow cuff at the calf. The mean inflation
pressures that caused pain ranged from 43.4 kPa for the ramp inflation of the wide cuff at the thigh to 60.3 kPa

for the staircase inflation of the narrow cuff at the calf.

Overall, phasic loading was significantly better tolerated than tonic loading, with the mean pressure that
caused discomfort being 16 kPa for the ramp and 24.8 kPa for the staircase inflation pattern, and the mean
pressure that caused pain being 50.7 kPa for the ramp and 58.4 kPa for the staircase inflation pattern. This
finding was expected due to intermittent relief of discomfort and tissue reperfusion in case of phasic

compression.

With two exceptions (ramp inflation pattern at the thigh), discomfort was triggered at lower pressures during
walking than those found in our previous study on participants standing still (Kermavnar et al., 2019). Similarly,
pain was triggered at lower pressures during walking than standing, with the exception of using the wide cuff
and ramp inflation pattern (Table 5). Some of the possible explanations for lower tolerance for compression
during walking could be: (1) the mechanical restriction of muscle contraction by the cuff; (2) the increased
mechanical stiffness of soft tissues during muscle flexion; and (3) the presence of parallel shear between the
cuff and skin during movement. It has been reported that sufficiently high levels of shear stresses halve the
required pressure normal to the surface to produce blood vessel occlusion (Orsted, Ohura, & Harding, 2010)

which might cause discomfort.
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Table 5: Comparison of mean inflation pressures related to DDTs and PDTs during walking and standing.

Assessment site Cuff width (cm) Inflation pattern DDT (kPa) PDT (kPa)
Walking Standing* Walking Standing*
Ramp 18.6 16.7 54.9 56.4
5
Staircase 253 25.7 59.6 61.2
Thigh
Ramp 14.1 12.3 434 39.5
12
Staircase 22.7 234 54.9 59.5
Ramp 17.0 19.3 56.0 57.2
5
Staircase 27.5 294 60.3 60.7
Calf
Ramp 14.2 21.5 48.5 56.1
12
Staircase 236 31.7 58.9 61.2
Mean 20.4 22.5 54.6 56.5

DDT - Discomfort Detection Threshold, PDT - Pain Detection Threshold.

* (Kermavnar et al., 2019)

According to multiple regression analysis, the intensity of discomfort during walking can be predicted on the
basis of cuff inflation pressure, adipose tissue thickness and the pneumatic cuff width both at the thigh and at
the calf. The intensity of discomfort is significantly higher, the higher the inflation pressure, the larger the cuff

width, and the smaller the adipose tissue thickness.

4.2 The influence of assessment site on the perception of discomfort and pain

The results of this study suggest that discomfort and pain are generally triggered at lower pressures at the
thigh than at the calf, which is in agreement with our previous study (Kermavnar et al., 2019), and is most
likely due to larger volumes of muscle tissue at the thigh. Namely, as larger volumes of muscle tissue are
compressed, compression becomes painful earlier due to spatial summation of pain, and similar mechanisms

were found to be true for pre-pain discomfort as well.

However, as opposed to standing still, the difference between pressure levels that trigger discomfort at the
thigh and calf during walking is not significant. A possible explanation for this could be the increase in muscle
tone during ambulation, which decreases the difference in soft tissue compressibility at the thigh and calf, and

thus the difference in pressure transmission from the cuff to the limb.
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4.3. The influence of pneumatic cuff width and inflation pattern on the perception of discomfort and
pain

Wider cuffs were found to cause pain at significantly lower inflation pressures than narrower cuffs, which is
consistent with previous studies (Lemming et al., 2017; Polianskis, Graven-Nielsen, & Arendt-Nielsen, 2002),
and occurs due to spatial summation of pain. The findings of this study suggest that spatial summation might

apply to the pre-pain discomfort as well.

Furthermore, tonic compression caused discomfort and pain at significantly lower inflation pressures than
phasic compression. This was expected, as each individual loading was of short duration and relief was
provided between the compressions. It should be noted, however, that constant painful stimuli have been
shown to result in adaptation to pain, whereas oscillating stimuli do not (Polianskis et al., 2002).

Finally, the combination of cuff width and inflation pattern significantly affected the occurrence of pain, but

not discomfort.

4.4 The influence of assessment site, pneumatic cuff width and inflation pattern on deep tissue
oxygenation

At the thigh and calf, tissue oxygenation increased with phasic compression and decreased with tonic
compression. However, pain occurred at higher pressures at the calf, and simultaneously significantly larger
decreases in oxygenation occurred than at the thigh, which suggests that: (1) there is an important negative
correlation between inflation pressure and deep tissue oxygenation; and (2) oxygen deprivation is better
tolerated at the calf than at the thigh. Moreover, the increase in oxygenation at painful compression was
significantly larger at the thigh, which suggests that the thigh circulation might react more prominently to
oxygen deprivation. Furthermore, wider cuffs seem to enhance these effects, which could be attributed to the
fact that wider cuffs eliminate arterial blood flow at lower inflation pressures (Graham, Breault, McEwen, &

McGraw, 1993), causing a more rapid decrease in tissue oxygenation.

4.5 Application of findings to soft exoskeleton design
Exosuits typically interface with larger surface areas of the limbs via connection cuffs, where they apply tensile
forces across joints to actuate movement, or circumferential compression to stabilise joints. Excessive

20



mechanical loading can cause discomfort and tissue damage, thus the exosuit-wearer interface needs to be

carefully designed.

The findings of this study suggest that circumferential compression at the lower limb is preferably performed
at anatomical sites with smaller volumes of muscle tissue and larger adipose tissue thickness, using narrow
cuffs, phasic compression, and inflation pressures below 14 kPa for tonic compression and below 22 kPa for
phasic compression with cuff widths up to 12 cm. The comparison of DDTs and PDTs during standing and

walking indicates that it is necessary to evaluate exoskeleton design in dynamic conditions.

It is of note that reported here are cuff inflation pressures. However, the most likely method most developers
of soft exoskeletons will use for the ergonomics assessment of their designs is still interface pressure
measurement, due to the accessibility and ease of use of interface pressure sensors. As the anatomical nature
of the compressed site (Segers, Belgrado, Leduc, Leduc, & Verdonck, 2002), muscle tone under the cuff
(Hughes et al., 2018), and the geometric and mechanical properties of the cuffs (Naqgvi, Husain, Potluri,
Mandal, & Lewis, 2017) importantly influence the transmission of cuff inflation pressure to the tissues,
additional studies are needed to relate the inflation pressure to interface pressure in order to provide

adequate guidance for soft exoskeleton design.

4.6 Limitations

As in our previous study under static conditions, deep tissue oxygenation was monitored directly under the
pneumatic cuff during inflation, and the extent to which the compression of NIRS probes against the tissue
might have influenced the readings is not clear. Furthermore, it is unclear whether walking at the considerable
pace of 1.2 m/s caused additional discomfort due to fatigue, especially for shorter participants whose cadence
was higher. In addition, walking might have presented a distraction that influenced the rating of discomfort.
Furthermore, due to the experimental approaches in this research being rather new, the experiments were
performed on healthy, young participants to avoid possible risks they could pose to more vulnerable groups,
such as older age adults and patients with neuromuscular disorders. Based on the findings, further research
can now involve different groups of potential soft exoskeleton users, adjusting the maximal magnitudes of
compression to safe levels. Finally, a larger number of participants were tested than in our previous study, and
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their median age was lower (20 years as opposed to the previous 35 years), which could have influenced the
results.

It is acknowledged that many factors can affect PDT/NDT and NIRS, including but not limited to, gender, age

and sports activity levels. In this study these factors were not controlled for but rather were sampled across.

Further studies are required controlling for such factors, in order to be able to single out these effects during
statistical analysis, thereby determining if the findings in this study are more prevalent for some of these

factors over others.

5. Conclusions

The purpose of this study was to establish the relationship between circumferential compression at the thigh
and calf during tonic and phasic loading when walking, and the resultant discomfort/pain and tissue
oxygenation changes, in order to inform the design of soft exoskeletons and help prevent excessive

mechanical loading of the wearers’ soft tissues.

The findings show that pain is triggered at significantly lower pneumatic cuff inflation pressures at the thigh
than at the calf. Both discomfort and pain are triggered at significantly lower pressures with tonic compared to
phasic compression, and with wider pneumatic cuffs. Deep tissue oxygenation increases during phasic
compression and decreases during tonic compression. The increase in deep tissue oxygenation is significantly

larger at the thigh, and the decrease is significantly larger at the calf.

According to the findings, circumferential compression by soft exoskeletons is preferably applied at anatomical
sites with smaller volumes of soft tissue, using narrow connection cuffs and inflation pressures below 14 kPa
(tonic compression) or 22 kPa (phasic compression). Regression models based on cuff inflation pressure,
adipose tissue thickness and pneumatic cuff width can be used to predict the intensity of discomfort during

walking.
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Highlights

« Discomfort/pain is triggered at lower pressures at the thigh than at the calf.

o Tonic compression causes discomfort/pain at lower pressures than phasic compression.

e Wider pneumatic cuffs caused discomfort/pain at lower pressures than narrow.
o Deep tissue oxygenation increases during phasic compression.

o Deep tissue oxygenation decreases during tonic compression.
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