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ABSTRACT

Each year, 28-35% of people 65 and over have at least one injurious fall, which can 
limit mobility and reduce quality of life. The Five Times Sit-To-Stand (5xSTS) is a clinical 
evaluation of muscle strength and fall risk. However, the outcome of this assessment 
only reflects time to completion and does not reveal muscle coordination or movement 
during the task. Evaluating muscle coordination is important to guide treatment and 
reduce fall risk. Net joint moments can provide insight to the muscle mechanical 
requirements for task completion, which can explain differences in muscle excitation. 
Thus, we evaluated lower limb muscle excitation, sagittal hip, knee and ankle joint 
moments, and time to completion of 5xSTS in healthy younger and older adults. 
Twenty-two (11 younger and 11 older) healthy adults completed a 5xSTS trial where 
they rose from a seat to a standing position and returned to the seat five consecutive 
times as quickly as possible. We compared integrated electromyography values for 
the leg and low back muscles as well as hip, knee, and ankle joint moments between 
groups with an unpaired t-test. Older adults required greater muscle excitation for 
the gluteus medius (p=0.025), lumbar paraspinals (p=0.014), rectus femoris (p=0.002), 
vastus lateralis (p=0.011), and tibialis anterior (p=0.038). Older adults took a similar 
amount of time to complete 5xSTS (p=0.473), indicating muscle compensations in this 
group. Older adults had similar or lower joint moments when compared to younger 
adults. Thus, older adults generated similar muscle forces as younger adults during 
5xSTS but required greater muscle excitation to achieve these muscle forces. Muscle 
excitation changes may affect energy cost and fall risk during sit-to-stand with aging. 
Understanding these changes can aid in developing rehabilitation treatments and 
muscle strength benchmarks.

	 Understanding muscle activity across the 
lifespan during clinical mobility assessments, such 
as the five times sit to stand test, is critical for 
identifying fall risk and diagnosing movement 
deficits. This article explores muscle-level adaptations 
that older adults use to rise quickly and effectively.

			    — Dr. Anne Silverman 
 ”
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Introduction
The global population is trending toward a larger 
proportion of older adults due to long lifespans and 
lower birth rates [1]. Each year, 28-35% of people 
65 and over have at least one injurious fall, which 
can limit mobility, reduce quality of life, decrease 
the ability to work, and cause loss of independence 
[2]. Mitigating fall risk is important to maintain 
independence in the aging population and reduce 
overall healthcare costs. Muscle strength is known 
to decline with age and a decrease in lower limb 
strength has been linked to a higher risk of falls 
[3]. Currently, fall prediction is completed with 
accessible clinical assessments used to evaluate 
gross muscle strength and to identify individuals 
who are at risk of an injurious fall. The Five Times 
Sit-to-Stand (5xSTS) is a commonly used clinical 
assessment, which only requires a chair and a timer.  
This assessment has been shown to have good 
to excellent test-retest reliability when measuring 
lower limb strength [4]. However, the main outcome 
of this assessment, time to completion, does not 
reveal muscle coordination or movement strategy. 
Understanding factors that limit performance or 
alter the movement strategy needed for older 
adults to complete the task may aid in making more 
effective rehabilitation protocols that reduce fall risk.

Standard anatomical directions and planes are 
used to describe motion and outcome metrics in 
this study (Fig. 1). To compare movement strategy 

between older and 
younger adults 
muscle excitation 
was evaluated. 
Muscle excitation 
is the signal from 
motor neurons that 
causes a muscle 
to contract and 
produce force. 
Lower limb and 
trunk muscles were 
the focus of this 
analysis,  as well 

Figure 1 Anatomical Planes of Reference and 
Directional Terms [5].

as several  prior  sit-to-stand transfer studies due 
to their contribution to dynamic postural control. 
Specifically, the lumbar paraspinals, gluteus medius, 
rectus femoris, biceps femoris long head, vastus 
lateralis, medial gastrocnemius, soleus, and tibialis 
anterior were explored (Fig. 2). 

Previous research on the 5xSTS assessment has 
been limited in the quantifying muscle excitation 
and movement coordination for individuals 
across the lifespan. In a 5xSTS study of patients 
who underwent total knee arthroplasty (total 
knee replacement surgery), patients had higher 
coactivation of the vastus lateralis and biceps 
femoris long head alongside a longer time to 
completion compared to a healthy group [6]. The 
altered movement strategy was linked with lower 
performance in the 5xSTS assessment and a higher 
fall risk. Another transition assessment is the Stand-
to-Sit test, which accounts for half of the motion in 
the 5xSTS task. One Stand-to-Sit study showed that 
a shorter rectus femoris burst duration observed 
in older adults was linked to a reduction in time of 
the body center of mass within the base of support 
[7]. Increased time outside of the base of support 
(area below a person including points of contact) 
can decrease stability during the Stand-to-Sit task. 
These studies have shown that differences in muscle 
excitation between older and younger adults might 
explain how older populations stabilize themselves 
during sit-to-stand transfer tasks. Net joint moments 
can provide insight to the mechanical requirements 
to complete a task, which can provide insight into 
differences in muscle excitation. Thus, we evaluated 
lower limb muscle excitation, sagittal hip, knee and 
ankle joint moments, and time to completion of 
5xSTS in healthy younger and older adults.

Figure 2 Lower Limb and Trunk 
Muscles Evaluated.
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Methods
Participants

The participants were divided into two groups: (1) 
healthy younger adults and (2) healthy older adults 
(Table 1). All participants provided their informed 
consent for the protocol approved by the Colorado 
Multiple Institutional Review Board. Participants 
were excluded if they had a musculoskeletal injury 
in the past six months, had a neurological disorder, 
impairment or take medications the affect balance 
or were part of a vulnerable population (e.g., 
minors, pregnant women). Hand grip strength was 
evaluated using a hand-held dynamometer. Each 
participant was instructed to hold the dynamometer 
with their elbow at a 90° angle and apply as much 
pressure with their hand as possible. Three trials 
were performed for both hands then the average 
was taken across all trials for each participant. 

Table 1 Mean ± SD of Baseline Anthropometry.

Each participant completed one 5xSTS trial. The 
participants started in a seated position on a stool 
with their hips and knees flexed at 90°, feet spaced 
shoulder-width apart, and with arms folded across 
their chest. They rose from the seat to a standing 
position five consecutive times as quickly as 
possible and returned to a resting, seated position 
after the fifth rise (Fig. 3).

Figure 3 5xSTS Seat Off to Seat On Cycle.

Instrumentation

Sixteen wireless surface electromyography (EMG, 
Delsys, 2000 Hz) sensors were placed bilaterally 
on the lumbar paraspinals, gluteus medius, rectus 
femoris, biceps femoris long head, vastus lateralis, 
medial gastrocnemius, soleus, and tibialis anterior 
(Fig. 4).  Skin was shaved and cleaned, and the 
sensors were placed on each muscle belly halfway 
between 
origin and 
insertion 
and oriented 
parallel to the 
fiber direction 
[8]. 72 
retroreflective 
markers were 
placed on the 
lower body, 
trunk, arms 
and head. 

Figure 4 EMG Sensor Bilateral Placement 
(Figure modified from Konrad, 2005)

Kinematic marker trajectories were collected using 
seven-camera system (Qualisys, 200 Hz). EMG 
signals were time synchronized with optical motion 
capture and ground reaction forces (GRFs) collected 
from in-ground force plates (AMTI, 2000 Hz).

Analysis

GRFs were filtered with a 6 Hz Butterworth lowpass 
filter. The processed GRF underneath the stool was 
used to define a threshold (the weight of the stool) 
for the first seat off and the last seat on. Time to 
completion of 5xSTS was the duration from the first 
seat off to the final seat on. A cycle in the 5xSTS was 
defined as the time between one seat off and the 
next seat on. EMG sensors measure the electrical 
potential in a muscle during the task. Integrating 
the EMG signal over a specific period gives a single 
value to represent muscle excitation. EMG signals 
were high pass filtered (50 Hz) to remove the DC 
offset and full wave rectified (absolute value of the 
signal). The linear envelope of the EMG signal was 
created by filtering the rectified signal with a 4 Hz 
Butterworth lowpass filter.  For each participant, the 
EMG signal for each muscle was normalized to its 
maximum linear envelope value during 5xSTS (Fig. 
5). The normalized EMG signals were integrated 
over the 5xSTS time duration to calculate integrated 
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The younger adults had greater hip (p < 0.001) 
peak extension and knee (p = 0.013) peak flexion 
moments than the older adults (Fig. 9).  There 
was not a significant age effect for ankle peak 
dorsiflexion (p = 0.811) or plantarflexion (p = 0.598). 

electromyography (iEMG) values to obtain a value 
for overall muscle excitation during the entire 5xSTS 
task: 

iEMG values for each muscle were averaged across 
both legs and compared between groups. 

Motion trajectories were filtered with a 6 Hz 
Butterworth lowpass filter. The trajectories were 
identified (Fig. 6, Qualisys), then used to develop 
a twelve-segment dynamic model in Visual3D (Fig. 
7). This model was used to calculate sagittal plane 
hip, knee and ankle net joint moments. The joint 
moments were normalized to participant body 
mass (in kg) and extracted for the third cycle of the 
5xSTS to avoid initiation and termination behavior 
in the first and last cycle. The moments were then 
averaged across both legs. Then, peak extension 
and flexion were extracted for each joint. We 

Figure 5 Example EMG Processing Steps.

compared iEMG values for eight muscles, peak hip, 
knee, and ankle extension and flexion moments, as 
well as the time to complete the 5xSTS between 
younger and older participants with an unpaired 
t-test (α=0.05).

Results 
The younger group’s mean (± SD) time to 
completion was 9.96 ± 2.47 s and the older group’s 
time to completion was 10.58 ± 1.36 s.  There was 
not a significant age effect for time to completion (p 
= 0.473). Muscle excitation for the gluteus medius 
(p = 0.025), lumbar paraspinals (p = 0.014), rectus 
femoris (p = 0.002), vastus lateralis (p = 0.011), 
and tibialis anterior (p = 0.038) was higher in older 
adults compared to younger adults (Fig. 8). There 
was no significant difference in soleus (p = 0.783) 
or medial gastrocnemius (p = 0.514) iEMG between 
the groups. The biceps femoris long head signal 
had movement artifact due to contact between 
the leg and the stool and was removed from the 
analysis. In addition, one older participant was 
removed from the lumbar paraspinals analysis due 
to movement artifact. 

Figure 6 Marker 
Identification (QTM).

Figure 7 Twelve-Segment 
Model Example (Visual3D).

Figure 8 Mean (±SD) iEMG in younger and older adults 
for gluteus medius (GMED), lumbar paraspinals (LP), rectus 

femoris (RF), vastus lateralis (VAS), tibialis anterior (TA), 
soleus (SOL), and medial gastrocnemius (GAS). *Significant 

difference between groups (p < 0.05).



2727Reuleaux | 2024

more likely due to excitation 
timing differences between the 
groups. Greater rectus femoris 
and vastus lateralis iEMG in the 
older group may be explained 
by co-contraction, as previous 
5xSTS studies found higher 
coactivation in the vastus 
lateralis and biceps femoris 
long head in patients with total 
knee arthroplasty [6]. We found 
similar dorsiflexion moments 
between older and younger 
adults suggesting the increase 
in tibialis anterior excitation 
is due to activation timing. 
Higher tibialis anterior iEMG in 
older adults is consistent with 
previous studies that show the 
tibialis anterior is activated 
earlier in older adults during 
sit-to-stand [9]. Hip abductors 
and back extensors contribute 
to postural control, which is 
important in 5xSTS. Greater 
excitation from the gluteus 
medius and lumbar paraspinals 
in older adults may indicate 
a compensation for potential 
muscle weakness [10,11], while 
still effectively controlling torso 
motion. Hand grip strength has 

Figure 9 Mean (±SD) average joint moment over third cycle in younger 
and older adults’ hip, knee, and ankle.

There was no significant difference in hip (p = 0.832) 
peak flexion or knee (p = 0.861) peak extension 
between the groups. Younger adults had a higher 
average hand grip strength than older adults that 
was almost significant (p = 0.054).

Discussion
Older adults required higher muscle excitation to 
complete the 5xSTS task in a similar amount of 
time as the younger participants. Older adults had 
a lower peak knee and hip extension moment and 
a higher iEMG in hip and knee extensor muscles. 
A higher peak extension moment alongside 
higher muscle excitation was expected in older 
adults. The smaller extension moments generated 
by the older adults indicates that higher muscle 
excitation was not due to force production and 

been linked to lower limb strength and was found 
to be lower in the older group [12]. This difference 
in hand grip strength suggests lower overall 
muscle strength in older adults, which is consistent 
with the higher gluteus medius and lumbar 
paraspinal iEMG to achieve similar mechanics when 
compared to younger adults. A non-significant 
difference in soleus and medial gastrocnemius 
excitation between age groups may be due to 
feet being planted during 5xSTS, requiring low 
ankle plantarflexor demand. This result is further 
supported by our finding that the plantarflexion 
moment between groups was not different. 5xSTS is 
an extension focused task so similarity in peak joint 
moment flexion between groups is expected. Older 
adults took a similar amount of time to complete 
the 5xSTS as younger adults, although they required 
greater muscle excitation which indicates different 
muscle strategies were used between the two
groups to complete the task.
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Conclusions and Future Work
Our study quantified muscle excitation in healthy 
younger and older adults completing the 5xSTS 
clinical test. Older adults generated smaller or 
similar peak extension joint moments compared 
to younger adults, and thus differences in muscle 
force required to complete the 5xSTS are likely 
not the cause of greater lower limb iEMG in older 
adults. Additionally, the time to complete the 5xSTS 
was similar between groups, so time to complete 
the task does not explain the difference in iEMG 
between groups. Time to completion is the main 
outcome of the 5xSTS and it does not provide 
insight to muscle coordination used to complete the 
task. Future work should examine lower limb muscle 

excitation timing between these participant groups 
during 5xSTS to build upon the iEMG results. Time 
of muscle activation could provide additional insight 
to the cause of higher muscle excitation in older 
adults. The cause of muscle excitation differences 
in older and younger adults  can then be used to 
inform rehabilitation and strengthening exercises. 
Depending on the cause of muscle excitation 
differences, collecting additional data in a clinical 
assessment setting (such as joint angles or muscle 
excitations) during the 5xSTS could provide a 
better understanding of an individual’s movement 
strategies. For individuals at risk of fall, this would 
aid in creating a personalized rehabilitation plan 
which would likely target specific muscles to guide 
training and reduce fall risk.

References
[1] World Population Prospects 2022, https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/

files/wpp2022_summary_of_results.pdf (accessed Feb. 26, 2024).
[2] WHO Global Report on Falls Prevention in Older Age, https://extranet.who.int/agefriendlyworld/wp-content/up-

loads/2014/06/WHo-Global-report-on-falls-prevention-in-older-age.pdf (accessed Feb. 26, 2024). 
[3] M. Pijnappels, Petra J. van der Burg, N. D. Reeves, and J. H. van Dieën, “Identification of elderly fallers by muscle 

strength measures,” European Journal of Applied Physiology, vol. 102, no. 5, pp. 585–592, Dec. 2007. doi:10.1007/
s00421-007-0613-6

[4] L. Muñoz-Bermejo et al., “Test-retest reliability of five times SIT to stand test (FTSST) in adults: A systematic review 
and meta-analysis,” Biology, vol. 10, no. 6, p. 510, Jun. 2021. doi:10.3390/biology10060510 

[5] E. Nikita, “The human skeleton,” Osteoarchaeology, https://www.sciencedirect.com/science/article/pii/
B9780128040218000012 (accessed May 3, 2024).

[6] B. S. Davidson et al., “Muscle activation and coactivation during five-time-sit-to-stand movement in patients under-
going total knee arthroplasty,” Journal of Electromyography and Kinesiology, vol. 23, no. 6, pp. 1485–1493, Dec. 2013. 
doi:10.1016/j.jelekin.2013.06.008

[7] W. Jeon, J. Whitall, L. Griffin, and K. P. Westlake, “Trunk kinematics and muscle activation patterns during stand-to-sit 
movement and the relationship with postural stability in aging,” Gait &amp; Posture, vol. 86, pp. 292–298, May 2021. 
doi:10.1016/j.gaitpost.2021.03.025

[8] P. Konrad, “The ABC of EMG ‐ a practical introduction to kinesiological electromyography,” ScienceOpen, https://
www.scienceopen.com/document?vid=a0604ccc-6b14-4586-bb50-dff58b04e859 (accessed May 4, 2024).

[9] P. C. Santos et al., “Older compared with younger adults performed 467 fewer sit-to-stand trials, accompanied by small 
changes in muscle activation and Voluntary Force,” Frontiers in Aging Neuroscience, vol. 13, Jun. 2021. doi:10.3389/
fnagi.2021.679282

[10] M. Arvin et al., “Hip abductor neuromuscular capacity: A limiting factor in mediolateral balance control in older 
adults?,” Clinical Biomechanics, vol. 37, pp. 27–33, Aug. 2016. doi:10.1016/j.clinbiomech.2016.05.015

[11] R. B. Parreira et al., “Effect of trunk extensor fatigue on the postural balance of elderly and young adults during unipo-
dal Task,” European Journal of Applied Physiology, vol. 113, no. 8, pp. 1989–1996, Mar. 2013. doi:10.1007/s00421-013-
2627-6

[12] V. Strandkvist et al., “Hand grip strength is strongly associated with lower limb strength but only weakly with postural 
control in community-dwelling older adults,” Archives of Gerontology and Geriatrics, vol. 94, p. 104345, May 2021. 
doi:10.1016/j.archger.2021.104345


