Introduction
[bookmark: _Hlk14430414]Advances in healthcare, elderly well-being (United Nations. Department of Economic and Social Affairs. Population Division, 2015), and a greater understanding of healthy living have resulted in an increase in average life expectancy (Office of National Statistics, 2013). By 2050, 20% of the general population is expected to be over the age of 60 (United Nations. Department of Economic and Social Affairs. Population Division, 2015). This, combined with pensions burdens on pensions, has resulted in rising retirement ages (Department of Work and Pensions, 2014) and a two-fold increase in UK workers aged 65 or older over the last 20 years (Office of National Statistics, 2012). As numbers continue to rise, so will frequency of musculoskeletal (MSK) conditions, which currently affect around 53% of over 65 year olds globally (Versus Arthritis, 2019). 
[bookmark: _Hlk14430481]As the body ages, it becomes increasingly difficult to perform even the most basic activities of daily living (ADLs - Hortobagyi et al., 2003; Samuel et al., 2013). Muscle size and function begin to decline around the 3rd decade, with the most noticeable changes occurring from the 5th decade (Lexell et al., 1988). Reductions in strength are well known for an older population (Aoyagi and Shephard, 1992; Doherty, 2003), however, the effects on muscle and joint forces during ADLs have not been fully investigated.
[bookmark: _Hlk14430546][bookmark: _Hlk14430581]Sit-to-stand (STS) is one of the more challenging activities to perform at old age when compared to movements such as walking, requiring whole body movements, large joint torques and high core strength (Dehail et al., 2007; Hughes and Schenkman, 1996; Schultz et al., 1992; Yoshioka et al., 2012). Performing STS can use up to 97% of available strength in the elderly (Hughes et al., 1996), with those experiencing difficulties facing increases in the risk of injury (Yamada and Demura, 2009) and lengthened hospital admissions (Fisher et al., 2010). Lower-body joint power is the defining characteristic of STS performance (Corrigan and Bohannon, 2001; Lord et al., 2002; Rantanen et al., 1994), however, age-related weakening of the leg muscles occurs before the upper limbs (Asmussen, 1980; Candow and Chilibeck, 2005; Lynch et al., 1999), constituting the need for compensatory action such as increasing trunk flexion or using armrests (Janssen et al., 2002). 
Contact forces at the knee, without using armrests, can be 2.5 - 3.1 times body weight (BW) in arthroplasty patients (Kutzner et al., 2010; Trepczynski et al., 2012). Shoulder contact forces, when using armrests, can be up to 1.8 times BW (Anglin et al., 2000) for adults aged 50-60 years old. Despite this work, there is limited investigation into using this biomechanical information to explain STS difficulties.
[bookmark: _Hlk15069692][bookmark: _Hlk15463076]Joint contact and muscle forces are commonly calculated using musculoskeletal models, which do not differentiate between age groups. Failure in mathematical optimisation, used by MSK modelling to calculate muscle forces, indicates an inability to find a solution to the loadsharing problem using the available boundaries. One of these boundaries represents the tension-producing capacity of muscles, calculated as the product of physiological cross-sectional area (PCSA) and maximum muscle stress. This could be considered a strength profile for the body, if PCSA values are available for each muscle.
Previous methods for defining age-related strength profiles include scaling maximum muscle stress (Bolsterlee et al., 2015), dynamometry (Knarr and Higginson, 2015; Wesseling et al., 2016), and the application of arbitrary weightings to optimise the difference between measured and predicted joint contact forces (Steele et al., 2012). These approaches found differences in force predictions, but the size of changes and arbitrary nature of methodology raise questions over clinical significance. Dynamometry-based work improved predictions, but requires a large number of movements and relevant in-vivo data is not always available. 
Gradually increasing this boundary, and finding the minimum strength profile that produces a solution, would represent working at maximal effort. This would provide subject-specific strength profiles for elderly individuals, with known strength differences between age groups providing relevant profiles for the young as shown in the maximum voluntary contractions (MVC)-derived data in Table 1. 
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	Table 1 - Studies evaluating differences in muscle strength between older and younger men. Data are exclusively male. YA = Young, MA = Middle-Aged, OA = Old, FL = flexors, EX = extensors and PF = plantarflexors

	Study 
	Age (years ± SD)
	Extremities/muscle groups 
	Method 
	Strength reduction relative to young 

	Larsson and Karlsson (1978) 
	OA:61.6 (0.6),
MA:54.5 (0.6),
YA:26.1 (0.8)
	Legs 
	MVC - bar-mounted force transducer
	OA: 24%,
MA: 6%

	Asmussen (1980) 
	OA:75,
MA:55,
YA:30
	Legs 
	MVC
	OA: 40%,
MA: 15%

	Young et al. (1985) 
	OA:75,
YA:25
	Quadriceps 
	MVC - force transducer
	39%

	Klitgaard et al. (1990) - control subjects
	OA:69 (1.9),
YA:28 (0.1)
	Vastus lateralis and biceps brachii
	MVC
	Knee EX: 44% 
Elbow FL: 32% 

	Overend et al. (1992) 
	OA:70.7(1.3),
YA:24.5 (1.5)
	Dominant (kicking) side knee EX and FL
	MVC - dynamometer
	FL: 22.3%
EX: 23.6%

	Metter et al. (1997) 
	OA:74.8 (2.5),
MA: 55.5 (3),
YA:26.8 (2.5)
	Whole upper limb (both arms)
	MVC - dynamometer combined with grip strength
	OA: 26%,
MA: 12%

	Hurley et al. (1998)
	OA:72,
MA: 56,
YA: 23
	Quadriceps (both legs)
	MVC
	OA:32%,
MA:15%

	Ivey et al. (2000) 
	OA:69 (3),
YA:25 (3)
	Quadriceps (both legs)
	MVC
	28% (‘Before training’)

	Klein et al. (2001) 
	OA: 81 (6),
YA: 23 (3)
	Left arm elbow FL and EX (non-dominant)
	MVC - dynamometer
	FL:28% EX: 33% 

	Valour et al. (2003) 
	OA:67.4 (4),
YA: 22 (3)
	Dominant arm elbow FL 
	MVC - dynamometer
	20% 

	Toji and Kaneko (2007) 
	OA:69.1 (3.7),
MA: 50.9 (3.5),
YA: 21.2 (1.3)
	Right elbow FL 
	MVC - Wilkie’s arm ergometer
	OA: 24.7%
MA: 13.1%

	Kobayashi et al. (2010) 
	OA:70.4(4.8),
YA:26.4(3.7)
	Right knee EX and PF 
	MVC - dynamometer
	Knee EX: 48%, PF: 45%

	Maden-Wilkinson et al. (2015) 
	OA:72.2(4.9),
YA:22.8(3.3)
	Knee EX 
	MVC - isometric chair
	40%

	Wu et al. (2016) 
	OA:66.8 (3.4),
YA:23.7 (4.2)
	Right knee EX and FL
	MVC - dynamometer
	EX: 48%, FL: 53%



The aim of the present study was to quantify the full-body muscle and joint contact forces during STS, with the inclusion of age-specific strength profiles, to better understand difficulties in standing from a chair. This is achieved through the combination of 3D motion capture and musculoskeletal modelling, which was used to analyse STS in young (peak physical strength), middle-aged (the start of physical decline) and older people (reduced strength and function). 
[bookmark: _GoBack]Materials and Methods
Ninety-five males participated in the study (Table 2). Exclusion from participation included history of surgical intervention to the shoulder and being assessed as ‘moderately’ or ‘severely’ frail by the Edmonton Frail Scale (Rolfson et al., 2006). Ethical approval was granted by the Joint Research Compliance Office and Imperial College Research Ethics Committee. All participants gave written informed consent.
	Table 2 – Participant information

	Age group
	n
	Age (years)
	Weight (kg)
	Height (m)

	Young adults (YA)
	30
	28 ± 5
	78.6 ± 12.4
	1.80 ± 0.07

	Middle-aged adults (MA)
	30
	52 ± 6
	89.0 ± 12.7
	1.79 ± 0.07

	Older adults (OA)
	35
	78 ± 7
	83.4 ± 11.6
	1.72 ± 0.06



Kinematics were captured using a 10-camera motion capture system (Vicon Motion Systems, Oxford, UK), sampled at 100 Hz. Retro-reflective markers were placed on the trunk, right-side upper and lower extremities, and pelvis (Table 3). Scapula kinematics were measured using a locator and separate tracker (Figure 1) as described by Prinold et al. (2011). This included a 30 second movement trial to determine the shoulder rotational centre.
	[bookmark: _heading=h.gjdgxs]Table 3 - Anatomical locations for reflective markers. * indicates markers removed after static and scapula measurements. Total number of markers = 49.


	Segment
	Markers
	Anatomical location

	Thorax
     
	C7
	7th cervical vertebra 

	
	IJ
	Sternum jugular notch

	
	MA
	Sternum manubrium

	
	PX
	Sternum xiphoid process

	Pelvis
	RASIS*
	Right anterior superior iliac spine 

	
	LASIS*
	Left anterior superior iliac spine

	
	RPSIS*
	Right posterior superior iliac spine

	
	LPSIS*
	Left posterior superior iliac spine 

	
	-
	Cluster of three markers placed on the pelvis

	Clavicle
	RAC* and LAC*
	Right and left Acromioclavicular joints 

	
	RSC* and LSC*
	Right and left sternoclavicular joints 

	Scapula
	· 
	Scapula trackers placed on both scapula spines 

	Humerus

	-
	Cluster of three markers placed on the upper arm 

	
	LE*
	Lateral epicondyle 

	
	ME*
	Medial epicondyle 

	Forearm
	-
	Cluster of three markers placed on the forearm 

	
	US*
	Ulnar styloid 

	
	RS*
	Radial styloid

	Hand
	-
	Cluster of three markers placed on the back of the hand 

	
	MCP2*
	Second metacarpal 

	
	MCP5*
	Fifth metacarpal 

	Foot
	FM2
	Head of the second metatarsal 

	
	FCC
	Calcaneus 

	
	FMT
	Tuberosity of the fifth metatarsal 

	
	TF
	Additional marker placed on the foot 

	
	FAM
	Apex of the lateral malleolus 

	
	TAM
	Apex of the medial malleolus 

	Shank
	-
	Cluster of three markers placed on the shank

	Knee
	FLE
	Lateral femoral epicondyle

	
	FME
	Medial femoral epicondyle

	Thigh
	-
	Cluster of three markers placed on the thigh 


Figure 1 inserted here

Instrumentation
[bookmark: _Hlk14431040][bookmark: _Hlk14431725][bookmark: _Hlk14431831]Single point load cells (1000 Hz, Vishay, model 1042-0050-G506R) and tension/compression load cells (1000 Hz, Omega, model LCM703-25) were mounted into the armrests of an instrumented chair for the measurement of vertical and anterior-posterior (AP) hand forces (Duffell et al., 2013). The seat height was set at 46 cm, to represent that of a standard chair and closely match that used by others (Anglin and Wyss, 2000; Etnyre and Thomas, 2007), and the arms were set at a height of 18 cm from the seat as per the original design from Duffell et al. (2013). Force plates were placed on the seat and under each foot (Figure 2 – 1000 Hz, Kistler Holding AG, Winterthur, Switzerland). 
Figure 2 inserted here
     
Data collection
Participants gave a brief medical history, detailing any joint related pain or surgery. Each was then asked to stand from a seated position three times with and three times without armrests, at a self-selected speed with rests taken if required. 
All data were processed using Vicon-Nexus (v1.8.3, Vicon Motion Systems, Oxford, UK) and MATLAB (v 2015b, MathWorks, Natick, USA). The start of the STS cycle began with the initiation of trunk flexion, and ended at the point at which hip angular velocity first reached 0 °/sec after leaving the seat  (Duffell et al., 2013; Schenkman et al., 1990). 
[bookmark: _Hlk21533029][bookmark: _Hlk15453423]Marker data was filtered using a 13th order low-pass Butterworth filter with a cut-off frequency of 4.7 Hz. Force plate and load cell data was also filtered using a low-pass Butterworth filter with an order of 203 and cut-off frequency of 10 Hz. Filters were created using an inbuilt MATLAB application (fdatool), where the sampling and cut-off frequencies are input, giving the required order and coefficients. The option was given to exactly match the pass-band, resulting in high-order filters. 
All data were input into two MSK models, the UKNSM (United Kingdom National Shoulder Model, Charlton and Johnson, 2006) and FreeBody V2.1 (Cleather and Bull, 2015; Ding et al., 2016) for the upper and lower limbs respectively. Inputs, algorithms and outputs have previously been described (Ding et al., 2016; Klemt et al., 2018). Muscle morphology, including PCSA values, for the UKNSM is taken from cadaveric work (Johnson et al., 1996; van der Helm et al., 1992; Veeger et al., 1997) and for FreeBody from an anatomical dataset (Klein Horsman et al., 2007). Maximum muscle stress was taken at 100 N/cm2 for the UKNSM, and 31.39 N/cm2 for FreeBody. 
Subject/group specific strength profiles
The mean value for upper limb strength reduction for men aged between 60 and 75 years to those aged between 20 and 30 years is 25 ± 5%, and for the lower limb is 37 ± 9.7% (Table 1). Uncertainty around the start of age-related strength decline means that it is difficult to determine relative strength reductions for the MA group, therefore both younger groups were assigned the same strength profiles.     
Original strength profiles were calculated as previously described and multipliers of these boundaries were increased in steps of 0.2 starting from 1.0 (the standard maximum muscle strength based on PCSA and maximum muscle stress) to give successful solutions (OA only) to a loadsharing optimisation. If 1.0 gave a solution, the multiplier was decreased by 0.2 until a failure in the optimisation occurred, whereby the last multiplier to give a solution was taken. The final average multipliers for the OA group were 2.5 (± 1.2) for the UKNSM and 0.43 (± 0.1) for FreeBody. Applying the differences in strength between age groups resulted in group multipliers of 3.4 and 0.68 for the UKNSM and FreeBody respectively for both YA and MA groups. However, a feasible solution was not always found. In these cases, the originally determined multipliers of 3.4 and 0.68 were gradually increased until a solution was found. This gave FreeBody multipliers in the range of 0.68 to 1.2, and UKNSM multipliers in the range of 3.4 to 4.4, for both YA and MA. 
Statistical analysis
[bookmark: _Hlk14431945]Normality was confirmed using the Shapiro-Wilk’s test (p>0.05). Two-way mixed ANOVAs assessed significant interactions between use of armrests and age group. Bonferroni-corrected t-tests determined any significant differences between age groups. A p-value of 0.05 was used for all tests. Data are presented, unless otherwise stated, as the average of maximum peak values ± one standard deviation. Cohen’s d values were calculated for effect sizes.
Independent-sample t-tests compared the subject-specific strength profiles for OA data against setting the same group with similar strength profiles to that of the YA/MA groups as part of a sensitivity analysis. Shapiro-Wilk’s test confirmed normality for most variables of the YA-strength OA data, with those determined to be non-normally distributed assessed using the Mann-Whitney U test.
Results
Three members of the OA group were unable to stand without the assistance of armrests and were excluded. The MSK models were unable to find solutions to the loadsharing optimisation for some subjects, leaving 27 YA, 25 MA and 30 OA for upper limb data and 29 YA, 29 MA and 32 OA for lower limb data.
No significant differences were found between any age group for applied hand forces or ground reaction forces at the feet (see Supplementary data). A significant interaction was found between use of armrests and age groups for Patello-femoral (PF) force only (p<0.05). 
Use of armrests
All groups showed a significant increase in all knee joint reaction force (JRF) components when not using the armrests compared to using armrests. JRFs through the shoulder were negligible when not using the armrests, therefore these data are not presented.
Between age groups
Significantly higher peak glenohumeral (GH) JRF was found for the OA group when using the armrests (resultant: 206 ± 97% body weight (BW); shear: 105 ± 48% BW; compression: 178 ± 90% BW) compared to the YA group (resultant: 134 ± 61% BW, d = 0.89; shear: 73 ± 32% BW, d = 0.78; compression: 111 ± 55% BW, d = 0.90; p<0.05). There were no differences between either OA or YA and the MA group (resultant: 171 ± 114% BW; shear: 85 ± 45% BW; compression: 148 ± 108% BW). 
Peak knee extensor (vastus lateralis, vastus medialis, vastus intermedius, rectus femoris) forces were lower for OA compared to YA (p<0.001, d = 1.73) when not using armrests. Hip extensor (semitendinosus, semimembranosus, biceps femoris long head, gluteus maximus, d = 0.75, p<0.05) and plantarflexor (gastrocnemius, soleus, peroneus brevis, peroneus longus, plantaris, tibialis posterior, p<0.05, d = 0.96) peak forces were significantly higher in OA when standing without armrests compared to YA. All data for knee JRFs is presented in Table 4.

	[bookmark: _heading=h.1fob9te]Table 4 - Peak knee JRF with (AR) and without (NAR) armrests. * indicates significant differences to the YO/MA groups respectively (*p<0.05, **p<0.001). Medial and lateral compartment forces represent the two components of the total tibiofemoral force. All AR values for all groups were significantly greater than NAR (p<0.001). Effects sizes given in rows below where applicable.

	     
	
Mean peak JRF (% body weight ± SD)

	
	Total tibiofemoral 
	Medial tibiofemoral
	Lateral tibiofemoral  
	Patello-femoral

	
	YA
	MA
	OA
	YA
	MA
	OA
	YA
	MA
	OA
	YA
	MA
	OA

	NAR
	317
(76)
	313 (74)
	281 (58)
	142 (36)
	122 (27)
	104 (32)*
	184 (61)
	195 (54)
	185 (45)
	851 (358)
	585 (210)*
	426 (166)**

	d
	
	
	
	
	
	1.12
	
	
	
	
	0.91
	1.52

	AR
	239
(69)
	236 (48)
	210 (42)
	109 (25)
	102 (20)
	85 (25)**
	139 (55)
	139 (38)
	133 (33)
	520 (268)
	376 (143)*
	274 (133)**

	d
	
	
	
	
	
	0.96
	
	
	
	
	0.67
	1.16


     
A t-test at a point halfway between leaving the chair and standing revealed a significant increase (p<0.05, d = 0.78) in net knee joint moment for the OA group compared to YA.     
No statistical difference was found between the peak values of knee and hip angular velocity between YA (knee - 122.5 ± 26.5 °/sec, hip - 143.7 ± 24.2 °/sec) and OA (knee - 109.7 ± 28.4 °/sec, hip - 132.9 ± 41.1 °/sec). These values occurred at approximately the same point as tested above.
The sensitivity analysis revealed no significant differences between subject-specific- and YA- based strength profiles in the OA group for peak GH (p = 0.927) and Patello-femoral (p = 0.993) JRFs, and hip extensor (p= 0.813) and knee extensor (p=0.813) muscle forces. Mann-Whitney U tests revealed that all knee contact forces (total tibiofemoral (TF) – p = 0.933, U = 486; Medial TF – p = 0.735, U = 456; Lateral TF p = 0.955, U = 484) and ankle plantarflexor muscle forces (p = 0.418, U = 423) were not significantly affected by changing the strength profiles. Absolute differences were seen between strength profiles scenarios (Table 5).
	Table 5 - Peak OA data from sensitivity analysis of original data against YA-based strength profiles. 

	
	Mean peak force (% body weight ± SD)

	
	Knee extensor muscle force
	Hip extensor muscles force
	GH JRF

	Original data
	166 (75)
	60 (20)
	206 (97)

	YA - based strength profiles
	163 (72)
	59 (20)
	209 (98)



Discussion
[bookmark: _Hlk14432746]This study has demonstrated the age-related changes in muscle and joint forces in the shoulder and knee during STS. Older people showed increased use of their hip extensors and ankle plantarflexors, where the younger population had higher knee joint and extensor loading. OA were also found to have significantly higher shoulder forces despite no difference in applied force of the hand against the armrests. This may be a result of significantly increased clavicular upward rotation at peak hand force (31.0 ± 13.0°, YA – 17.2 ± 3.6°, p<0.001, d = 1.08) and reduced shoulder width (31.6 ± 3.2 cm, YA - 34.8 ± 2.3 cm, p<0.001, d = 1.18) in the OA group. Both would increase the moment arm between the shoulder and hand placement, increasing the JRF. The reasons behind these differences are unclear, and require further investigation. 
A sensitivity analysis showed that the bespoke-strength profiles did not have a significant effect on the variables discussed. The differences between bespoke- and YA-based strength profiles do suggest that the use of age-specific values for muscle force upper bounds should be considered when using MSK modelling in age-related biomechanical studies.
The participants in this study were typically slower in joint angular velocity compared to the literature (Schenkman et al., 1996), which reports data for participants with no joint replacements or arthritic diseases. This will have impacted upon the comparison, as 19 of the OA group in the current study had lower limb joints replacements or pain. This does highlight one of the key limitations when using heterogenous groups to represent a whole population. However, the participants of the current study can be seen as reflective of the general population owing to the high prevalence of joint replacements in older people (National Joint Registry, 2017). 
Anglin et al. (2000) found that for a group of adults (aged 51 to 64 years) standing with the use of armrests, the peak resultant GH contact force was 1.8 BW. This is comparable with the two older groups of the present study (MA – 1.7 BW, OA – 2.1 BW), however, the current study also presents data on the shear and compressive components of the shoulder JRF alongside data from a younger group.
[bookmark: _heading=h.3znysh7][bookmark: _Hlk14433563]Calculated values for TF-JRF fell within the 2.46 – 3.3 times BW range reported within the literature from instrumented implants and other modelling studies for STS and high knee flexion activities (Kutzner et al., 2010; Navacchia et al., 2016; Schellenberg et al., 2018; Trepczynski et al., 2012). Trepczynski et al. (2012) also calculated PF-JRF of 3.1 BW, which is smaller than that seen in OA from the current study. Trepczynski’s work only had two participants, each with total knee replacements. The kinematics and kinetics cannot be assumed comparable to that of a larger group of relatively healthy individuals (Alnahdi et al., 2011; Hatfield et al., 2011; Levinger et al., 2013). 
No previous work could be found on PF joint contact forces in STS. Reilly and Martens (1972) used a 2D planar model to estimate PF forces during 130-140° of knee flexion, predicting loads up to 7.6 times BW. This is comparable with the values for YA (8.5 BW) in the current study but does not consider the accelerations and large peaks in ground reaction forces associated with leaving the chair without the support of armrests. The results presented here can be considered the first published for the PF joint for multiple age groups. 
MA were generally similar to YA, except for changes at the PF joint. This type of finding could lead to the identification of potential targets for early intervention when attempting to mitigate functional decline. The inconsistency in differences between MA and the other two groups suggests using age as a continuous variable as opposed to defined groups, whereby large numbers are analysed and trends over time observed. The study was limited by the assumption of similar strength profiles between YA and MA. Future work should quantify strength at all ages. 
[bookmark: _Hlk14433854]Large, significant differences between age groups in PF and knee extensor force would suggest protection of the joint, but may be due to natural weakening. The known reduction in fast-twitch muscle fibres with age (Ballak et al., 2014; Narici and Maffulli, 2010) will reduce the strength capacity of muscles with a large proportion of type 2 muscle fibres; in this case the quadriceps (Brooke and Engel, 1969; Johnson et al., 1973). These muscles facilitate short, tetanic contractions in YA when leaving the seat. In lieu of this capacity, the OA group rely on a redistribution to other muscle groups, namely the hip extensors and ankle plantarflexors. Consequently, knee joint kinetics are affected. 
[bookmark: _Hlk14429571][bookmark: _Hlk14429029]     No differences were found in the peak knee joint power (p=0.709) but analysing the constituent parts, joint moment and angular velocity, demonstrates that for YA, high contraction velocity of the knee extensors is the primary component. Whereas for OA this is produced by a significantly higher joint moment. These findings concur with the theory of Van der Heijden et al. (2009), which states that stabilisation at older age is prioritised over efficiency or speed. The increase in hip extensor and ankle plantarflexor activity confirms a prolonged-activation strategy concurrent, with the theory of a shift to a Type 1 (slow-twitch) phenotype with age (Sierra et al., 2013).
[bookmark: _Hlk14429732][bookmark: _Hlk14434039]It could be hypothesised that the eventual decline of additional muscle groups in OA STS strategy will leave the body increasingly susceptible to external stressor events as physiological systems begin to shut down. A younger body, which possesses greater musculoskeletal capacity, is able to sufficiently compensate when injured. 
[bookmark: _Hlk14429810]This study has shown that recruiting alternative groups of muscles, namely the hip extensors and ankle plantarflexors, increases required joint torques and raises the overall task requirement. One potential therapy would be focussed rehabilitation on Vasti muscles, which are primarily mono-articular. Strengthening biarticular muscles (hamstrings, gastrocnemius) may result in secondary effects on the multiple joints they cross. Increasing the proportion of fast-twitch muscles through strength conditioning may also assist this. 
[bookmark: _Hlk15070831]Assessment of muscular strength would assist in confirming these findings. The relative strength of individual muscle groups was not assessed in this study owing to the large number of required measurements to comprehensively assess both upper and lower body groups. The accuracy of such measurements would also vary between different muscle groups. The current study made use of literature-derived strength differences with age to overcome this.
[bookmark: _Hlk14434076][bookmark: _Hlk21536256]Testing these proposed interventions should constitute the next research step. The most effective approach may be to combine physiotherapy, to encourage changes in movement strategy, with regular strength training. The training regimes should be re-enforced using the biomechanical reasoning detailed in this study. 
Conclusions
[bookmark: _Hlk14434181]Groups of young, middle-aged and older males performed a STS activity with and without armrests. Significantly reduced knee extensor and contact forces in the latter when not using armrests, coupled with changes in joint moment, suggest the natural weakening of the lower limbs begets changes in movement strategy. Consequently, the upper limb muscles and joints could be overloaded during activities which also require the use of the upper body, augmenting lower limb atrophy through disuse. This was confirmed as older adults had significantly higher shoulder contact forces than young adults when using armrests. The eventual decline of upper limb strength leaves the older population with a lack of reserve body strength to complete ADLs, leading to increased vulnerability, dependence and risk of institutionalisation.  
This work constitutes the most detailed analysis of STS in the literature, which was selected based on its importance for mobility and its association with social isolation. It would be conceivable to create a hierarchy of similarly analysed functional tasks and use the outputs to devise a holistic set of clinical interventions. Notwithstanding the complexity and difficulty in delivering a study that could produce such an output, it is the proposal here that this is urgently addressed as future work following on from this study.
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