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Abstract

During weightlessness, the human neuro–muscular–skeletal system undergoes

maladaptation to the microgravity environment. The European Space Agency (ESA)

project NEX4EX, ‘Novel Exercise Hardware for Exploration’, developed an advanced

multipurpose exerciser offering resistive (RES), plyometric (PLYO) and sensorimotor

(SENSO) exercises. It is the aim of this case report to assess the functionality of the

device. NEX4EX offers RES in terms of squats and heel raises, and PYLO in terms

of countermovement jumps and hops. RES and PLYO were compared with standard

exercises on ground as reference. SENSO were generated by creating disturbances

of the body posture by means of random, rapid pulling on a shoulder harness in four

directions and by an oscillating platform. For SENSO, the results showed clear post-

ural reflexes in trunk and leg muscles to stabilise upright posture after perturbation

stimuli at the shoulders. RES and PLYO were carried out accurately on NEX4EX by

the participants, but with reduced loads compared to reference (up to −37% for RES;

up to −24% for PLYO). This resulted in reduced muscle activation for RES, whereas

the muscle activation stayed comparable for PLYO. A reduced maximum take-off

velocity during PLYO (up to −66%) was shown leading to a reduced jump height (up

to −72%). Although some exercises could not be performed with the same intensity

with NEX4EX, in general it enabled all intended exercises. The basic functionality of

the device was shown, and thus the device showed its potential as an integrative

countermeasure device for upcoming deep-spacemissions.
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1 INTRODUCTION

The lack of mechanical loading in weightlessness causes muscle loss

(Narici & de Boer, 2011), bone degeneration (LeBlanc et al., 2007)

and reduced neuromuscular performance (Pisot et al., 2016) and

deconditions involuntary motor control programs (Shpakov et al.,

2013). Maintaining a crew’s operational skills requires counter-

measures that prevent such maladaptations to ensure the health

of the space travellers going on deep-space missions. Resistive

exercise devices already exist on the International Space Station (ISS)

(Petersen et al., 2016; Scott et al., 2021). Plyometric exercises are

not used on the ISS yet, but showed great potential during bed rest

studies (Kramer, Gollhofer et al., 2017; Kramer, Kümmel; Ritzmann

et al., 2018). Furthermore, no specific countermeasure device exists

to implement sensorimotor exercises during microgravity. Thus, it

became the aim to integrate all these aspects in one countermeasure

device, NEX4EX (Novel Exercise Hardware for Exploration), capable

of performing resistive (RES), plyometric (PLYO) and sensorimotor

(SENSO) exercises. Here we explore to what extent the first prototype

of this device complies with these requirements and whether NEX4EX

should be developed further into hardware suitable for space travel

that enables adequate countermeasure training for maintaining crew

health andmission success.

2 METHODS

2.1 Participants

The study received ethical approval from the Ärztekammer Nordrhein

(no. 20213636) before study commencement, and it was implemented

at the German Aerospace Center (DLR) Institute of Aerospace

Medicine between February and April 2023. The study complied with

the Declaration of Helsinki and all participants gave written informed

consent before the start of the experiments.

We included 11 participants (six females, five males), with mean

age of 39 (SD 7) years, mean body mass of 74.6 (SD 12.8) kg and

mean height of 175.9 (SD10.4) cm. All participantswere recreationally

active.

After finishing the measurement of eight participants, one of the

two constant force mechanisms (CFM), which were responsible for

applying the load during RES and PLYO, malfunctioned and during

repair it was further identified that on the other side a rope jumped off

apulley at the secondCFMresulting in increased internal friction.After

the repair of both CFMs, the remaining three participants were tested

without malfunction. It was decided, therefore, to analyse RES and

PLYO data only for the last three participants (two male, one female),

since the project schedule did not allow re-inviting the participants.

2.2 NEX4EX device

The first prototype of the device was designed, built and validated

under ESA contract AO/1-9369/18/NL/KML as an integrated platform

Highlights

∙ What is the central question of the study?

The NEX4EX device was designed for resistive,

plyometric and sensorimotor exercises: is the novel

device capable of enabling all intended exercises?

∙ What is themain finding and its importance?

All exercises were feasible using NEX4EX. Resistive

and plyometric exercises were possible with

reduced loads. The sensorimotor exercises evoked

postural reflex activities of trunk and leg muscles.

Thus, the device enabled all intended exercises

and has great potential for being an adequate

countermeasure device for deep-spacemissions.

for RES, PLYO and SENSO (Figure 1 and Supporting information

Figure S1). Its details are described elsewhere (Fau et al., 2022). The

validation strategy included recordings (1 kHz sampling rate) of ground

reaction force (GRF), loading by the CFMs, sledge displacement, and

during SENSO, force and length displacements of the four ropes that

were attached to a harness at the shoulders of the participants. A

trigger signal was used to synchronise the data provided by NEX4EX

and surface-electromyography (sEMG) data.

2.3 Data acquisition

sEMG recordings were obtained (Noraxon Telemyo 2400TG2-USB,

Noraxon, Scottsdale, AZ, USA) from the right tibialis anterior muscle

(TA), right gastrocnemius lateralis muscle (GL), right biceps femoris

muscle (BF), left and right vastus lateralis muscle (VL_l, VL_r), right

rectus abdominis muscle (RA), right erector spinae muscle (ES) at level

L3, and right and left obliquus externus abdominis muscles (OEA_r,

OEA_l). Signals were sampled at 1.5 kHz, using the synchronisation

signal from the NEX4EX device. Furthermore, a three-dimensional

accelerometer was placed underneath the right patella, and data were

again sampledwith 1.5 kHz in x, y, z directions.

2.4 Intervention

We aimed to compare countermovement jumping (CMJ, three valid

trials), reactive hopping (HOP, three sets of 20 hops each), squats (SQ)

and heel raises (HEEL) between a reference task and the NEX4EX

exercises. During reference, all tasks were performed while standing

on the ground, whereas during exercising onNEX4EX these same tasks

were performed whilst lying on a horizontal sledge to unload the body

in the length axis from gravitational force. For CMJ and HOP under

reference conditions, participants performed the jumps on a Leonardo

platform (Novotec Medical GmbH, Pforzheim, Germany). For SQ and

HEEL, participants performed the exercises with a power rack adding
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BÖCKER ET AL. 3

F IGURE 1 The two different configurations of NEX4EX. (a) Computer rendering of configuration 1 for sensorimotor training including
description of the postural winches, the postural ropes and the oscillating platform. (b) Picture of one participant performing the sensorimotor
training during the clinical test at the German Aerospace Center. (c) Computer rendering of configuration 2, which is used during resistive and
plyometric exercising. Description of guidance rails, force generators, full body harness and hip and thigh support. (d) Mechanical ground support
equipment (MGSE) including the jumping sledge and full body harness during the clinical tests at the German Aerospace Center.

50%of bodyweight (BW) via a barbell on the shoulders (30 repetitions,

or up to failure).

On NEX4EX, RES and PLYO were performed supine using the

NEX4EX mechanical ground system equipment (see Supporting

information Video S3 (Squats)/Video S5 (Heel_raise)/Video S4

(Countermovement_Jump)/Video S6 (Reactive_Hopping)).Whilst lying

on the sledge, the body was loaded by forces generated by a pair of

CFMsand transmitted via ropes to a torso-harness thatwas suspended

in a sledge connected to themechanical ground support equipment. As

under reference conditions, 150% BW was intended to be added for

SQ and HEEL. The NEX4EX prototype version was limited at 785 N,

and therefore, two out of three participants were loaded lower than

the intended 150% BW (94% BW and 105% BW). Force adjustments

were conducted with participants flexing their knees to prevent any

injuries while increasing the load. In case participants were unable to

extend the legs at a given harness load, then the forces were gradually

reduced.

For the subsequent PLYO, constant force levels were set to either

100% BW or the value used for RES, whichever was lower. When

participants were unable to perform aCMJ, loads were again gradually

reduced.

SENSO on NEX4EX comprised disturbances to the upright post-

ure by shoulder pulls or by platform oscillation (Figure 1, Supporting

informationVideoS1 (Sensorimotor_01)/VideoS2 (Sensorimotor_02)).

For both, participants were loaded with 160 N in total (40 N per

motor) to tighten the ropes that connected the electric motors

to the shoulder harness. Shoulder pulls were provided by sudden

force enhancement by 160–180 N over 500 ms, applied from one

single rope, and with 4 s-breaks between pulls. The resulting pull

direction (posterior_left, posterior_right, anterior_left, anterior_right)

was randomly varied throughout the 40 pulls applied. Participants

were asked to resist the pull in upright posture and to re-position

as quickly as possible. Platform oscillations were provided at four

different frequencies (1, 2, 5 and 10 Hz) to the participants, who were

asked tomaintain upright posture.

Supporting information Table S1 gives a detailed overview of the

testing schedule.

2.5 Data processing

Data files exported fromNEX4EXand from theNoraxon softwarewere

merged, synchronised and analysed using the R-environment (www.

r-project.org) in its versions 4.3.2 and 2023.12.0 for R and RStudio,

respectively. Data curation involved discarding SENSO trials without

properly performed rope pulls or with sEMG artefacts.
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4 BÖCKER ET AL.

For RES and PLYO, we focused on the main muscular actuators

during the specific exercise. The sEMGsignalswere converted into root

mean square values (RMS-EMG) by rectification and by application

of a moving average over 501 sample points (0.334 s). For HOP, the

number of sample points was reduced to 201 (0.134 s) to prevent

excessive data smoothing as these movements were very fast. The

mean maxima RMS-EMG during reference exercising were used as

reference values, which were used for normalising EMG values of

NEX4EX exercising and calculation of the relative activation related

to reference exercising (%RE). For RES and PLYO customized R scripts

were used for calculation of the mean maximum lift, the mean peak

GRFs (RES) as well as maximum forces, maximum velocities, jumping

heights andmean ground contact times (PLYO).

For SENSOprocessing, shoulderpullswere identifiedby segmenting

rope force increases, and thenwe averaged sEMGsignals for individual

muscles (Supporting information Figures S2–S5). From the averaged

signals, we determined sEMG latencies for each muscle in each

condition.

As no reliable sEMG responses were found for platform oscillations

at 1 and 2 Hz, we discarded those trials and focused on sEMG signals

for cycles of 5Hzand10Hzoscillations.Oscillation cyclewas identified

as nadirs in the vertical acceleration signal (Supporting information

Figures S6 and S7).

3 RESULTS

3.1 Resistive exercise

Whilst both male participants performed RES with the maximum

possible force of 785 N on NEX4EX (corresponding to 63% and

70%RE), the force had to be reduced to 589 N for the female

participant in order to allow RES in a natural movement pattern

(73%RE) (Table 1).

The peak muscle activation in the vastus lateralis muscle was

reduced on average in the same range as the load. Despite the reduced

loads, the muscle activation during HEEL was comparable for both

conditions. A lift of 4 cmwasmeasured during HEEL.

3.2 Plyometric exercise

The applied load during PLYO ranged from 76%RE to 100%RE. The

exercises were performed with a reduced maximum velocity (34%RE–

47%RE) resulting in a reduced jumping height (28%RE–42%RE). The

activation level of GL ranged from 60%RE to 112%RE. For CMJ, the

VL_r showed activation levels from 56%RE to 197%RE, VL_l from

64%RE to 179%RE (Table 1).

HOP was performed with the same applied load as CMJ, but the

resulting peak force was lower. If compared to the reference hopping,

the peak force ranged from 38%RE to 58%RE. The ground contact

time lasted between 0.16 and 0.38 s (80%–200%RE), whereas one

participant showed a lift-off just for every second HOP (Figure 2). GL

showed an activation level from 79%RE to 134%RE, VL_r from 76% to

120%RE and VL_l from 84% to 99%RE (Table 1).

3.3 Sensorimotor exercise

The four different perturbation stimuli caused specific neuro-

muscular reactions of lower extremity and trunk muscles (Supporting

information Figures S2–S5). The time delay of onset of muscle activity

after the perturbation stimulus was in the range of 80–110 ms for

most muscles after specific stimulation configurations (Table 2). Such

latencies indicate the existence of primarily medium and late reflex

responses (Taube et al., 2008). However, when correcting for delays

between stimulation at the shoulders and start of body movement,

which was measured by acceleration of the shank, muscle response

latencies ranged between 25 and 33 ms in TA and some trunk muscles

(RA during posterior_left pull, ES during posterior_right pulls, OEA_r

during posterior_left and anterior_left pulls), whilst latencies of the

other muscles were 30–40 ms. Such latencies correspond well with

short latency reflexes of the fastest spinal reflex contributions (Taube

et al., 2008) that contribute to the stabilisation of body posture (see

Table 2). Oscillating platform stimulation at the level of feet elicited

distinct responses in lower extremity and trunk muscles at 10 Hz only,

and only with substantially smaller response amplitudes than those

observed in response to shoulder pulls (see Supporting information

Figures S6 and S7).

4 DISCUSSION

4.1 Resistive exercises

The applied load of 150% body weight during reference exercise

allowed all participants to perform all kinds of resistive exercise with

20 or more repetitions, which indicates a low to moderate load.

Unfortunately, the dimensions of NEX4EX enabled just a maximum

force of 785 N, which is equal to the weight of 80 kg body mass. It can

be stated that SQ with reduced loads elicited muscle activation levels,

which were reduced about the same amount. Thus, one can assume

that squats performedonNEX4EXwith150%bodyweightwould likely

cause comparable muscle activation as during reference exercise.

For HEEL on NEX4EX, a lift of about 10 cm was expected due to

the foot lengths, but a maximum lift of only 4 cm was measured. The

design of the sledge carrying the participants enabled a swing, which

falsified the true lift as it was measured by the length change of the

ropes connecting the force generators with the sledge.

4.2 Plyometric exercises

For PLYO, the three participants showed a comparable muscle activity

with a lower applied load. Of course, these are only initial tendencies

without statistical evidence, but these tendencies were clearly
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F IGURE 2 The ground reaction force (GRF) during reference hopping in vertical direction on a jumping platform (turquoise) and during
hopping onNEX4EX in horizontal direction (red). As the NEX4EX device did not enable a zero adjustment, there was an offset. Furthermore, the
unloadedNEX4EX platform showed vibrations during the plyometric exercises. These data are from one participant, who performed the reactive
hopping well under both conditions. Both curves showed single peaks per hop and the ground contact times are comparable. The total time for
hopping onNEX4EX is just longer becausemore hops were performed in this set.

recognizable in the muscle groups that are essential for performing

the respective exercise (VL_r and VL_l during CMJ; GL during HOP).

Furthermore, two participants reached or even improved reference

ground contact time during HOP, but one of the two participants did

really lift-off every second hop. It follows that an adequate training

process could enable all participants to performHOPwith comparable

ground contact times as stated by Kramer et al. (2018).

4.3 Sensorimotor exercise

The perturbations at the shoulders elicited distinct activation pattern

of shank, thigh and trunk muscles, whereas the vibration did not elicit

a clear muscle response. The muscle activity latencies indicated that

spinal reflexes were triggered by the stimulus. This is of importance

as many of the stabilizing muscles of the trunk play a major role in

postural control, located deep in the abdomen, pelvis and back. We

did not measure activity patterns of deep trunk stabilizers; however,

the reflex activity that we observed in superficial muscles indicates

that using NEX4EX possibly provides an adequate training stimulus

for deep muscles that are mainly under spinal reflex control (Ivanenko

& Gurfinkel, 2018). As a future development, the perturbating stimuli

couldbedesignedas a randomcombinationofmultiple ropepulls at the

same timeeliciting furthermuscle activity. Anothermodificationwould

be to tailor the training by variations of the force intensity applied over

the rope to the human body. A third possibility would be to change the

stance of the trained person.

4.4 Limitations

As this is a case report, the results only indicate tendencies. These

need to be verified with a larger number of participants. Nevertheless,

these initial tendencies are promising. On this prototype of the device,

the participants could not performmaximumvoluntary contraction for

normalisation of the sEMG signal. Therefore, we used the reference

measurements for the normalisation process, which was adequate

from our point of view. Furthermore, we did not perform any

biomechanical analysis regarding a comparable movement between

referenceandNEX4EXexercising,which shouldbeperformed in future

experiments as the sledge, for example, has a direct influence on the

movement execution.

4.5 Conclusions

All intended exercises were feasible usingNEX4EX. Resistive exercises

and plyometric exercises were possible with reduced loads; sensori-

motor exercises evoked postural reflexes of the trunk and leg muscles.

The device demonstrated great potential for being an adequate
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countermeasure device for deep-space missions. However, to enable

a sufficient loading of all participants during resistive and plyometric

exercises, themaximal capacity of the CFMneeds to be doubled.

4.6 Participant perspective

Most participants gave feedback during or after the measurement,

with most of the feedback relating to the sledge. It was noted that the

sledge had a left skew, that it becomes uncomfortable on the shoulders

after a long time with high loads, that the movement does not feel

natural and that the sledge was too small for tall participants, whereas

it was too large for small people. Thus, the next iteration of NEX4EX

should focus on redesigning the sledge to improve the comfort of the

participants and prevent any unilateral shifting. For SENSO, it was

noted that the harness became uncomfortable as the hands fell asleep.

At the start of the postural disturbance exercise, the impact of the first

pull felt as a surprise by the participants, and hence could increase the

risk of falling and, thus, injuries.
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