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SUMMARY 

Difficulties with mobility were the most reported disability for those age 65 and 

over. It is well known that older adults are slower and less economical while walking 

compared to young. This is thought to be brought on by reduced ankle push off power and 

a redistribution of positive power generation to more proximal joints (e.g., hip). We believe 

muscle and tendon level changes create a structural bottleneck leading to these functional 

changes. Ankle exoskeletons have been shown to increase ankle push off, modify muscle-

tendon dynamics, and reduce metabolic cost in young adults for a near immediate 

improvement in walking performance. There is a critical gap in understanding whether 

beneficial exoskeleton assistance strategies for younger adults will also benefit older adults 

and if so, what the underlying mechanism is that enables exoskeletons to reduce metabolic 

cost across age.  

My aims yielded a greater understanding of how people interact with ankle 

exoskeletons to modify metabolic cost. In Chapter 2, we characterize the muscle and 

tendon properties of young and older adults. This work is in prep to be submitted to the 

Journal of Biomechanics. In Chapter 3, we demonstrate how young and older adults 

respond to spring and motorlike exoskeletons. This work is in prep to be submitted to the 

Institute of Electrical and Electronics Engineers Transaction on Neural Systems and 

Rehabilitation Engineering. In Chapter 4, we demonstrate how spring and motorlike 

exoskeletons interact with the underlying calf muscle and tendon properties. These 

outcomes can improve the design and control of ankle exoskeletons to improve the cost of 

walking across age, leading to greater mobility and improved quality of life.  
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CHAPTER 1. INTRODUCTION 

Aging has become such a large issue that the World Health Organization created a 

call to action in 2015 to bridge the gap between intrinsic capacity and functional ability of 

older adults [1]. This is a large issue because the aging population is growing and expected 

to grow over 70 million in the United States alone [2]. The expense of a growing older 

adult population is the average annual health care costs for Medicare have been steadily 

growing for the last ten years [3]. The costs are not only expensive for the government but 

also for the individuals and their families. A 2018 report found older adults spend as much 

money on food as they do on healthcare [3].  

Difficulties in mobility are the leading disability reported in older adults [2]. 

Difficulties in mobility can include more energy required to walk, slower walking speeds, 

greater incidence of falls, and lead to a poor quality of life [4]–[7]. Functional changes stem 

from reduced ankle push off power and moment and a redistribution of power generation 

from the ankle to the hip [8], [9]. In a study providing feedback to reduce push-off force in 

young adults also saw the distal-to-proximal redistribution [10]. The issue metabolically 

with relying on the hip, is the muscles have long fascicles and stiffer tendons requiring 

more energy [11]. Conversely, the ankles have short fascicles and compliant tendons 

storing and returning energy for less costly walking [12]. 

The functional changes are often linked to structural changes in the muscle and 

tendon. Aging is associated with a loss of muscle mass, strength, power, and force 

generating capacity of the muscle and reduced tendon stiffness [13]–[15]. To improve the 
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muscle-tendon deficits, the field looked to resistance training. The resistance training was 

able to improve muscle strength, power, mass, and tendon stiffness, the results were mixed 

and showed few functional improvements [16], [17]. To see results with resistance training 

requires a minimum of 4 weeks for muscle changes and 8 weeks for tendon changes, and 

even longer to see significant improvements to restore function [17]. Due to the lengthy 

time commitments, many studies found low compliance making it difficult to see this as a 

reliable solution [18]. Instead, we need a quicker and more reliable solution. 

Exoskeletons are a quick solution for older adults to regain function. Researchers 

have been steadily making improvements in reducing metabolic cost over the last ten plus 

years [19]. At the moment, we can produce reductions of 50% with whole limb 

exoskeletons and 23% with ankle exoskeletons in the real world [20], [21]. There are many 

types of exoskeletons including passive, active, and pseudo-passive. Passive exoskeletons 

rely on springs and clutches to store and return energy while walking. Active devices rely 

on motors and batteries to provide torque. Pseudo-passive have small motors and batteries 

to modify springs for multiple stiffness options. Springlike assistance at the ankle typically 

provides a slow increase in torque through most of stance and peaks just before push off  

[22], [23]. Motorlike assistance at the ankle that has been optimized for metabolic cost by 

tuning assistance parameters provides a short and impulsive torque just before push off  

[24].  

While exoskeletons have shown major improvements for young adults and other 

populations such as stroke, spinal cord injury, and cerebral palsy, there has been minimal 

testing with older adults [25]–[27]. Two groups tested hip exoskeletons but found small 
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reductions of 3-7% [28], [29]. At the ankle a 4% reduction was found compared to shoes, 

however the positive power provided by the exoskeleton was low compared to assistance 

for young adults [30]. With this knowledge, we set out to compare exoskeleton assistance 

tuned for young adults to older adults and the interaction with the calf muscle and tendon. 

In the following work, we first examined how calf muscle and tendon properties 

change with age to know the starting structure of the participants. We then compared 

springlike and motorlike assistance in young and older adults and their ability to reduce 

metabolic cost. This allowed us to determine if exoskeletons tuned for young adults were 

also beneficial for older adults. Lastly, we combined the structural properties with 

exoskeletons to see how exoskeleton assistance responded to muscle and tendon properties. 

This work uses novel techniques and populations to dive under the skin to understand how 

ankle exoskeletons modify metabolic cost. 
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CHAPTER 2. IN VIVO SUBMAXIMAL FORCE-LENGTH BEHAVIOR OF 

THE SOLEUS ACROSS AGE 

2.1 Introduction 

The ankle muscle tendon units are a primary driver of locomotion performance. 

Specifically, the ankle plantar flexors provide power generation during walking [31]. Force 

production of the ankle plantar flexors is a primary determinant of the metabolic cost of 

walking [32]. Force production of the plantar flexors is based on muscle mechanics, force-

length (FL) and force-velocity (FV) properties. The FL and FV relationships are curves 

providing force potential at static lengths or velocities.  The force potential mediated by 

these properties are also influenced by tendon properties. During walking, the long in series 

elasticity of the Achilles tendon allows the muscle and joint to decouple, providing 

economic force production and power amplification [33]. With age, it is thought that 

changes in muscle and tendon structural properties create a structural bottleneck affecting 

locomotion performance making walking less economical [12]. While numerous muscle 

properties have been quantified, it remains unknown how aging impacts the FL properties 

of the soleus. We can't confirm how structural properties of the muscle and tendon may 

lead to worse economy until they have been characterized. 

The range over which a muscle operates on its FL relationship critically influences 

locomotion economy [32]. During walking, the soleus fascicles operate at a narrow range 

of lengths near the peak of their FL curve [34]. The tendon slows operating velocities and 

maintains lengths on the ascending limb for improved economy. One caveat to our current 
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understanding of FL relationships is that typically, they are taken at maximal activations, 

which are not functionally relevant to walking and other daily tasks. Since most daily tasks 

are submaximal, when we map FL changes onto maximal curves we miss shifts with 

length, especially if optimal length changes with activation. Comparative literature and 

work in healthy young adults, show muscle has a leftward shift of optimal length with 

increasing force [35]. There is some debate whether this shift in optimal length is due to 

the protocol for creating FL curves. When creating curves as a percentage of force, it may 

be that the optimal length is longer purely because the muscle is generating less force and 

needs to shorten less. When creating curves as a percentage of activation, the shift in 

optimal length is no longer seen representing an optimal overlap in actin and myosin at the 

same length [36]. During more demanding tasks that require higher activations, the 

leftward shift would keep muscles operating at relatively longer lengths [37]. Thus, there 

is a need for characterizing submaximal FL curves for functionally relevant tasks. 

With age there is a loss of muscle mass, strength, power, and force-generating 

capacity [13]. To relate these to the shape of the FL curve, the loss in strength reduces the 

maximal force of the curve (Fmax). When walking at matched speeds, older adults operate 

at shorter, less optimal lengths [38]. If the fascicles are adapting and overall getting shorter, 

the FL curve should become narrower. Due to the loss of muscle mass and smaller 

physiological cross-sectional area we would expect the FL curves to be shorter vertically 

[39]. Combining these changes, the normalized FL curves would maintain their shape with 

age, but absolute curves would shrink in both directions. Lastly, older muscles stiffen due 
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to connective tissue and have reduced bulging [40]. The stiffening could restrict movement 

of the fascicles, lessening the shift in L0 with activation.  

Additionally, tendons can interact with the muscles to modify the force potential of 

the contraction. In aging, tendon stiffness is reduced by up to 39-43% [14], [15], [41]. 

When walking with less stiff tendons the tendon will stretch more, requiring the muscle to 

compensate by operating at shorter, less optimal lengths [38]. To reach the same force 

requirement to walk, the muscle must activate more at the shorter length affecting walking 

performance (Figure 1a). 

The purpose of the study was to examine soleus activation-dependent FL 

relationships in aging. We assessed soleus torque on a dynamometer with EMG feedback 

to reach multiple activations. We varied ankle angles to modify fascicle lengths. We 

evaluated optimal length of the submaximal curves to corroborate the leftward shift as seen 

in literature. We hypothesized that both young and older adults will have a leftward shift 

in optimal length with increasing activation for the soleus muscle fascicle. A corollary 

hypothesis was that the older adult cohort will have reduced maximal force, and a smaller 

shift in optimal length with submaximal activation due to the changes seen with age. We 

also evaluated tendon stiffness because of its ability to affect force potential and the 

changes seen with age. We hypothesized that the older adult cohort would have less stiff 

Achilles tendon in agreement with literature. This work is the groundwork for 

understanding the soleus muscle at nonmaximal activations. 

2.2 Methods 
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2.2.1 Participants 

Eleven healthy young (2 female, 9 male; age: 21.11 ± 1.96 years; height: 176.72 ± 

10.72 cm; mass: 74.61 ± 17.19 kg) and six healthy older (five female, one male; age: 70.83 

± 5.42 years; height: 166.23 ± 2.45 cm; mass: 60.92 ± 4.24 kg) adults participated. 

Participants had no history of leg musculoskeletal injuries, pain, or balance impairments, 

and could walk for at least 60 minutes within a 90-minute time frame. All participants gave 

informed written consent approved by the Georgia Institute of Technology central 

Institutional Review Board. 

2.2.2 Protocol 

Upon arrival, participants were fitted in a dynamometer (Biodex Medical Systems 

Inc., USA) laying supine with their right knee flexed at 120° (Figure 1d). Flexing the knee 

has been shown to limit torque contribution from the gastrocnemius and isolate the soleus 

[42]. The foot was tied down with a rachet strap to a custom-built pedal to prohibit the heel 

from lifting during contractions [43]. 

Motion capture markers were placed on the head of the tibia, medial malleolus, 

head of the 1st metatarsal, two on the dynamometer (one at the axis of rotation and one 

easily visible during collections), and on the pedal at the halfway point of the foot. The 

dynamometer markers were used to adjust for a difference in the axis of rotation of the  
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Figure 1 - Hypotheses and Protocol: a) A schematic showing less stiff tendons with 
age shift muscle fascicles to shorter, less optimal lengths and higher activations to 
reach the same force output. b) The protocol for creating 0, 33, 66, and 100% 
activation force-length curves for each participant. c) A sample image of the 
gastrocnemius insertion into the Achilles tendon. Tendon stiffness calculated as the 
slope of the linear fit of the FL curve from 50-100%. Functional tendon stiffness 
calculated as the slope of the tangent line at the maximal force measured during 
walking and a 2nd order polynomial fit of the FL curve. d) Participants laid supine on 
a dynamometer with their knee bent to isolate the soleus. The ankle angle was set at 
20 PF, 10 PF, 0, 15 DF, and maxDF to change fascicle length. The inset is a sample 
image of the soleus and a representative fascicle. e) The participants received torque 
feedback for the 100% contractions and EMG feedback for the 33 and 66% 
contractions. 
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ankle about the dynamometer and to calculate moment arms. The moment arm from the 

ankle to the Achilles tendon was fixed and calculated by overlaying the ankle marker 

during a standing trial on to the ultrasound image from each participant and measured in 

ImageJ (Bethesda, MD) [44]. The marker on the pedal was placed at the halfway point of 

the foot to estimate the center of mass of the foot [45]. Surface electromyography (EMG) 

(Delsys Inc., Natick, MA) was placed on the medial soleus (Figure 1d). Soleus fascicle 

length was recorded with a linear-array B-mode ultrasound probe (Telemed, Vilnius, 

Lituani) secured over the medial gastrocnemius.  

We collected motion capture data (200 Hz) (ViconMotion Systems, UK), torque on 

a dynamometer (1000 Hz) (Biodex Medical Systems Inc., USA), ultrasound (100 Hz), and 

EMG (1000 Hz) at the corresponding sampling frequencies. The EMG data was cleaned 

by removing the mean, bandpass filtered (20-450 Hz), notch filtered (60 Hz), absolute 

value rectified, and lowpass filtered at 6 Hz. Kinematics and kinetics were filtered at 6 Hz. 

Soleus fascicle lengths were measured using Ultratrack [46] (Figure 1d).  

2.2.3 Passive FL curves 

We captured still trials for 5 seconds to record passive muscle fascicle lengths via 

ultrasound and torque on the dynamometer. We performed a sweep of ankle angles from 

10° plantarflexion (PF) to maximum dorsiflexion (DF) with 5° increments to change 

muscle fascicle length along the passive fascicle force-length curve (Figure 1b). Before 

each trial, a 45 second rest period occurred to mitigate elastic dissipative effects [34].  
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A custom MATLAB script (Mathworks Inc., Natick, MA) was used to calculate 

the soleus force. The gravitational torque from the weight of the pedal was removed from 

the measured torque. The resulting torque was then transformed from the axis of the 

dynamometer to the axis of the individual’s medial malleoli. The torque from the weight 

of the foot was removed and then divided by the Achille’s tendon moment arm to get the 

force of the muscle-tendon unit (MTU). The torque of the foot was estimated as 1.45% of 

body weight, multiplied by the moment arm between the estimated center of mass (halfway 

point of the foot) to the ankle [45]. The muscle-tendon unit force divided by the cosine of 

the pennation angle yielded passive muscle fascicle force [34]. An exponential equation 

was fit to the passive fascicle force-length curve [47]. Only trials with no EMG activity 

were processed. Muscle strain was calculated as the passive strain from zero at 20% of 

maximal force. 

2.2.4 Maximal Activation FL curves 

Maximum voluntary contractions (MVCs) were performed at 5 ankle angles (20PF, 

10PF, 0, 15DF, maximum DF) in a random order, on the dynamometer with 2 minutes of 

rest between trials to minimize fatigue (Figure 1b, d). Participants were asked to slowly 

ramp up to their maximum effort and maintain that for 1-2 seconds before ramping down. 

On subsequent trials, the participants received visual feedback of their torque and were 

asked to beat their maximum from the previous trial (Figure 1e). Trials were repeated until 

they could no longer beat their maximum torque by more than 5% and had performed at 

least 3 trials at a given angle [48]. Trials were kept if participants reached at least 95% of 

the maximum activation, fascicle velocity was near zero, and ankle angular velocity was 
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<3 degrees per second. Active muscle fascicle force was calculated using the same process 

as outlined for the passive forces, except to capture only the force contributions of active 

muscle, the passive force at the contraction fascicle length was subtracted from the total 

force output. 

Force-length curves were created using a custom MATLAB code, fitting a spline 

curve to 4 nodes. The 4 nodes were constrained to physiological values: L0: minimum 

fascicle length found during maximal contractions as a lower bound and the maximum 

length during passive trials as an upper bound, Fmax: 1-1.1 times the active force during 

maximal contractions, onset of the ascending limb: 0.3-0.7 times L0, and end of the 

descending limb: 1.3-1.8 times L0. The curve fit selected reduced the root mean square 

error of the measured forces to the line. 

2.2.5 Submaximal Activation FL curves 

Visual feedback of soleus EMG activation was used to create submaximal force-

length curves at 33% and 66% of the MVC at the same angles as the maximal curve (Figure 

1b, e). Participants were asked to slowly ramp up to the desired activation and maintain 

that activation for 1-2 seconds before ramping down. Two contractions at each angle and 

activation level were performed with 2 minutes of rest between trials. Trials were checked 

for ±5% of the desired activation, velocity was near zero, and ankle angular velocity was 

<0.05 degrees per frame. The FL curve fits were calculated with the same methods as the 

maximal curves. 

2.2.6 Tendon Stiffness 
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Achilles tendon stiffness measurements were calculated from plantarflexion 

contractions with a straight leg on the dynamometer (Biodex Medical Systems Inc., USA). 

The torque from the dynamometer was converted to muscle-tendon force using the Achilles 

tendon moment arm. We placed a B-mode ultrasound probe (Telemed, Vilnius, Lituani) 

over the muscle tendon junction (MTJ) of the gastrocnemius and the Achilles tendon 

(Figure 1c). Participants were asked to slowly contract as hard as possible. The data was 

parsed into 10% force intervals to track the length change in ImageJ (Bethesda, MD). A 

linear regression was fit to the force and length data in the 50-100% range of force output 

[49], [50]. The slope of the line is the stiffness in N/mm. The same data were used to 

calculate functional stiffness with a 2nd order polynomial fit. A tangent line was created 

with the 2nd order polynomial at the point of peak ankle force during walking and the slope 

is the functional stiffness. 

2.2.7 Walking 

Young participants walked at 1.25 m/s while instrumented with ultrasound placed 

over the medial gastrocnemius for two minutes. Kinematics were measured using a 10-

camera motion capture system (100 Hz, Vicon, Oxford, UK) and a 44-marker lower limb 

and torso marker set. Ground reaction forces were captured with an instrumented split-belt 

treadmill (2000 Hz, CAREN, Motek, Netherlands). Inverse kinematics and inverse 

dynamics were calculated using OpenSim v4.0 (generic model 2392 with scapula) [51]. 

Joint angle data was filtered at 6 Hz (4th order zero-phase butterworth) and forces were 

filtered at 15 Hz (4th order zero-phase butterworth) prior to inverse dynamics calculations. 
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The soleus contribution to the ankle force was estimated as the ratio of the cross-sectional 

area of the soleus to the total cross-sectional area of the plantarflexor muscles (0.54) [52]. 

2.2.8 Statistics 

Statistical analysis was performed in SPSS (IBM SPSS Statistics, Armonk, NY) with 

Laerd Statistics tutorials and guides. Tendon stiffness (Y: n = 9, O: n = 5) and functional 

tendon stiffness (Y: n = 9, O: n = 5) were measured to confirm the older cohort had less 

stiff tendons as seen in literature [14], [15], [41]. One older participant was removed due 

to the poor image quality. Independent samples t-test were performed with a Shapiro-Wilk 

test to test for normality of the data. Functional tendon stiffness for young adults did not 

pass the test of normality (p > 0.05), however t-tests are robust to deviations from 

normality. To test if there was a leftward shift in optimal length with increasing activation, 

a paired samples t-test and Shapiro-Wilk test of normality were performed. The difference 

in optimal length at 100 and 66% for older adults did not pass the test of normality (p > 

0.05), however t-tests are robust to deviations from normality. To test for differences in 

maximal force, optimal length, and muscle strain with age, independent samples t-test was 

used with Shapiro-Wilk’s test of normality. The older adult data for maximal force and the 

young adult data for muscle strain did not pass the test of normality (p > 0.05), however t-

tests are robust to deviations from normality. 

2.3 Results 

All data reported will be mean ± standard deviation. To test the older adult cohort 

studied had reduced tendon stiffness as seen in literature, we measured tendon stiffness and 



 

 

14 

functional tendon stiffness. A significant difference in tendon stiffness and functional 

tendon stiffness with age was found (Independent samples t-test: kt: Y = 248.89 ± 75.88 

N/mm, O = 162.20 ± 47.44 N/mm, p = 0.041; kt_func: Y = 306.13 ± 154.12 N/mm, O = 

152.58 ± 23.86 N/mm, p = 0.018) (Figure 2). 

To test if both young and older adults have a leftward shift in optimal length with 

increasing activation for the soleus muscle individual force-length curves were created 

(Figure 4), normalized (Figure 5), and then averaged based on age group (Figure 3a, b). A 

significant difference in optimal length with decreasing activation for either age group was 

not found (Paired samples t-test: Y: 𝐿𝐿0100% −  𝐿𝐿066%: p = 0.301, 𝐿𝐿066% −  𝐿𝐿033%: p = 0.630, 

𝐿𝐿0100% −  𝐿𝐿033%: p = 0.190; O: : 𝐿𝐿0100% −  𝐿𝐿066%: p = 0.655, 𝐿𝐿066% −  𝐿𝐿033%: p = 0.563, 𝐿𝐿0100% −

 𝐿𝐿033%: p = 0.656) (Figure 3c, d). 

To test if the older adult cohort have reduced maximal force and a smaller shift in 

optimal length with submaximal activation due to the changes seen with age optimal length 

for all activation curves and maximal force was measured. A significant difference in 

optimal length with age was not found(Independent samples t-test: 𝐿𝐿0100%: Y = 38.78 ± 6.98 

mm, O = 37.68 ± 10.83 mm, p = 0.814; 𝐿𝐿066%: Y = 39.90 ± 7.71 mm, O = 36.75 ± 11.11 

mm, p = 0.526; 𝐿𝐿033%: Y = 41.00 ± 7.57 mm, O = 38.52 ± 10.60 mm,  p = 0.604) (Figure 

3a-d). A significant difference in maximal force with age was not found (Independent 

samples t-test: Y = 2430.54 ± 1312.86 N; O = 1630.10 ± 808.59 N p = 0.208) (Figure 3e). 

A significant difference in passive muscle strain at 20% maximal force with age was not 
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found (Independent samples t-test: Y = 1.40 ± 0.30 L/L0; O = 1.21 ± 0.13 L/L0, p = 0.183) 

(Figure 3f). 

2.4 Discussion 

The purpose of the study was to examine in vivo soleus activation-dependent force-

length relationships and tendon stiffness in aging. In agreement with previous studies, the 

older adults had lower tendon stiffness and functional tendon stiffness (Figure 2) [14], [15], 

[41]. There is mounting evidence in literature that the Achilles tendon becomes less stiff 

with age, but we wanted to ensure this was also seen in the cohort for this study. Functional 

tendon stiffness is the instantaneous stiffness at the average maximum force for young 

adults to walk. This shows that at matched force requirements for walking, the tendon is 

still less stiff for older adults. 

 The soleus activation-dependent force-length curves as a group look as expected 

(Figure 3). In both age groups, the forces go down with each submaximal activation as seen 

in other human and animal studies [36], [43], [53], [54]. Surprisingly, in contrast to our 

hypothesis, the maximal force of the older adults was not significantly lower from our 

young cohort (Figure 3e and 4). Literature has shown in multiple instances that maximal 

force is reduced with age [13]. The cohort of older adults used in this study were very 

active and healthy compared to older adults as a population. The high activity enabled us 

to define fascicles from ultrasound. Exercise is used to increase strength and by remaining 

active these older adults did not have reduced maximal forces. 
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It has been shown in animals and human vastus lateralis that there is a leftward shift 

in optimal length with decreasing force [36], [53], [54]. There is some debate whether this 

shift in optimal length is due to the protocol for creating the force-length curves. When 

creating curves as a percentage of force, it may be that the optimal length is longer purely 

because the muscle is generating less force and needs to shorten less. When creating curves 

Figure 2 - Tendon Characterization: a) Individual Achilles tendon force-length curves 
for a) young (n=9) and b) older (n=6) adults. c) Tendon stiffness and d) functional 
tendon stiffness across age. Both tendon stiffness measures were statistically different 
with age (* p < 0.05). 
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as a percentage of activation, the shift in optimal length is no longer seen representing an 

optimal overlap in actin and myosin at the same length. Our data for the young cohort 

support the latter theory and are in opposition to our hypothesis that we would see a 

leftward shift with increasing activation. The optimal lengths across activation were not 

found to be different. However, in the plantarflexor muscles it is extremely difficult to get 

in vivo lengths on the descending limb. This has been shown in studies on the soleus, as 

well as the gastrocnemius [34], [43]. While our curve fits enforce a maximal force, a 

different curve may emerge if more data on the descending limb could be measured. To 

increase the likelihood of having data on the descending limb the participants went to their 

max dorsiflexion without pain or lifting the heel. I am unaware of an in vivo method that 

can provide more data for the descending limb. 

Lastly, we hypothesized that the older adult cohort would have a smaller shift in 

optimal length with submaximal activation due to stiffening of the connective tissue in and 

around the muscle [40]. Since we didn’t see meaningful changes in optimal length for either 

age group this hypothesis is no longer valid. We also tested muscle strain as a measure of 

muscle stiffness between the age groups, but they were not different. This measure better 

tests longitudinal stiffness, rather than axial stiffness so a measure that measures the 3D 

stiffness may show differences.  

One limitation of the study is we chose active older adults to increase the likelihood 

of having better ultrasound to track fascicles. If we were able to perform this study in more 

sedentary older adults with lower maximal forces and compliant tendons there are 

functional implications for the metabolic cost of walking. For example, when matching the  
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Figure 3 - Group Normalized FL Curves and Properties: Age group averaged, 
activation dependent soleus force-length curves normalized to optimal length and 
maximal force for a) young and b) older adults. The dashed line corresponds to the 
maximal force produced during walking for the young adults. Average optimal length 
of the activation dependent force-length curves for c) young and d) older adults. e) 
Average maximum force achieved across age. f) Average passive muscle strain at 20% 
of maximum force by age. 
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maximal force required to walk (Figure 3a-b, dashed line), the older adults would be 

required to activate more to reach the same force leading to higher metabolic cost. The 

curves in Figure 3 suggest this may still be the case for the older adults in our study. 

Another limitation to our study is we did not electrically stimulate the muscle to ensure 

maximal contractions. It has been shown that it is hard to volitionally recruit muscle fibers 

at shorter lengths during a maximal contraction [55]. To reach the highest possible  

Figure 4 - Individual Absolute FL Curves: Participant specific, activation dependent 
force-length curves for young (black) and older (purple) adults. 
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volitional contraction, we used torque feedback to encourage contracting as hard as 

possible. 

In conclusion, while the older adults were more fit than the average population, we 

still saw reductions in tendon stiffness. Additionally, this is the first work to provide 

participant specific, activation dependent force length curves with age. This provides 

Figure 5 - Individual Normalized FL Curves: Participant specific, activation 
dependent force-length curves normalized to optimal length and maximal force for 
young (black) and older (purple) adults. 
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valuable data for linking physiological properties to functional performance. When 

combining reduced tendon stiffness with reduced maximal force typically found in older 

adults, there are functional implications that could explain higher metabolic cost of walking 

in older adults.  
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CHAPTER 3. NEUROMECHANICS AND ENERGETICS OF MOTOR AND 

SPRING-LIKE ANKLE EXOSKELETON ASSISTANCE IN OLDER ADULTS  

3.1 Introduction 

As we age, we walk slower and use more energy leading to a poor quality of life 

[4], [5]. A key driver of these changes is a reduction in mechanical power from the ankle 

[56], [57]. Mounting evidence in the literature indicates older adults have more compliant 

Achilles tendons, and this could disrupt an effective elastic mechanism that enables power 

amplification to generate impulsive peak power outputs at push-off [12]. This so-called 

structural bottleneck likely elicits a cascade of compensations that manifest a distal to 

proximal shift in mechanical energy generation [57]. This shift in mechanical effort comes 

with a metabolic penalty. Ankle joint mechanical work is done at high efficiency owing to 

significant elastic energy storage and return in the Achilles tendon [11].  Hip joint muscle-

tendons have less compliant morphology and larger muscles that produce power less 

efficiently. To compensate for the new demand, older adults walk slower and less often, 

worsening their quality of life, making interventions highly sought after. 

Interventions currently found in literature include eccentric exercise and strength 

training. While both of these have shown improvements in muscle mass, strength, power, 

and tendon stiffness, they have not consistently led to functional improvements for walking 

[16], [17], [58], [59]. Additionally, these interventions take at least 4 weeks for muscle and 

8 weeks for tendon to see significant improvements and even longer to fully restore 
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measures [60], [61]. On top of that, low compliance makes it an unreliable solution creating 

a critical need for acute and immediate solutions [18]. 

Exoskeletons are the assistive technology to provide immediate solutions for older 

adults [62]. In young adults, exoskeletons have gotten better at reducing metabolic cost 

over the past 15 years [19]. Exoskeletons about the lower limb joints have been shown to 

reduce metabolic cost by up to 50% in young adults [63]. Ankle exoskeletons alone, have 

been able to improve economy by 23% for young adults when walking out in the real world 

[21]. However, there has been limited testing of exoskeletons for older adults. There were 

two different torque profiles used for exoskeletons for older adults. The first behaves 

similarly to a spring applying torque slowly across most of stance. The second is more 

consistent with torque profiles applied by a motor with an impulsive peak in late stance. 

The spring-like profile saw reductions up to 19%, however the peak torque is much earlier 

than what has been optimized for young adults [64]. The motor-like profile saw 12% 

reductions from the added mass condition; however, the peak torque is lower than what 

has been optimized for young adults [30]. There is a critical gap in understanding whether 

ankle exoskeleton assistance strategies optimized for younger adults will also benefit older 

adults. 

The purpose of this study was to explore ankle exoskeleton assistance strategies to 

reduce metabolic cost across the lifespan. One spring-like and three levels of motor-like 

assistance were tested for metabolic changes using indirect calorimetry. When optimizing 

spring and motor-like assistance for young adults, springs were able to reduce metabolic 

cost by 4.2-7.2% and motors by 23-34% [21]–[23], [63]. Based on this literature, we would 
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hypothesize that motor-like exoskeleton assistance will be more beneficial than spring-like 

assistance regardless of age. With the distal-to-proximal shift seen in aging older adults use 

the less efficient hip joint. When adding ankle exoskeleton push off assistance, this can 

assist the ipsilateral ankle into plantarflexion and the ipsilateral hip into flexion in late 

stance, and the contralateral hip into extension in early stance (Figure 6c). This assistance, 

with the distal-to-proximal shift should allow for greater power at the ankle, offloading the 

less efficient hip. Therefore, we hypothesize ankle exoskeleton assistance would result in 

larger metabolic benefits for older versus younger adults regardless of assistance strategy 

(i.e., spring-like vs motor-like).  

3.2 Methods 

3.2.1 Participants 

Ten healthy younger adults (3 female, 7 male; age: 21.70 ± 2.63 years; height: 175.58 ± 

10.73 cm; mass: 72.57 ± 17.45 kg) and six healthy older adults (5 female, 1 male; age: 71.5 

± 5.54 years; height: 167.83 ± 6.69 cm; mass: 61.82 ± 9.39 kg) participated in the study. 

The participants met the inclusion criteria of not having a history of musculoskeletal 

injuries or vestibular impairments, and the ability to walk for a minimum  of 60 minutes 

within a 90-minute time frame. All participants signed an informed consent approved by 

the Institutional Review Board at Georgia Institute of Technology. 

 

3.2.2 Exoskeletons 
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Commercially available bilateral ankle exoskeletons (Dephy Inc, Boxborough, 

MA) with plantarflexion assistance were used with custom controllers. The exoskeletons 

have on-board encoders and inertial measurement units for state-based control. Participants 

walked in six conditions: (1) without ankle exoskeletons, (2) exoskeletons without 

assistance, (3) exoskeletons with springlike assistance, and exoskeletons with three 

motorized assistance strategies with increasing peak torque ((4) 10, (5) 20, (6) 30 Nm). The 

springlike assistance used impedance control without damping to apply torque with a 

spring stiffness of 70 Nm/rad [23]. The assistance began at flat foot after heel strike and 

ended at toe off mimicking a spring and clutch mechanism to time when to release the 

stored energy. The torque profile for the motor assistance was a human-in-the-loop 

optimized spline generated from four nodes: peak time, rise time, fall time, and peak torque 

[24] (Figure 6b). The parameters used were optimized for metabolic cost with the average 

younger adults’ parameters from Zhang et al. The only difference was peak torque was 

preset to 10, 20, and 30 Nm for this experiment. 

Figure 6 - a) The protocol consisted of 3 sessions: habituation, biomechanics, and 
metabolics. To habituate to the assistance each participant received 3 x 7 min bouts 
with the spring and motor assistance. The biomechanics session had 6 min of 
habituation for each assistance type (spring, motor, exo no assistance) with 2 minutes 
of collection for every condition. The metabolics session had 6 min of habituation for 
each assistance type with 6 minutes of collection for every condition. b) The dephy 
ankle exoskeletons and the average assistance for the spring (pink), motor low (light 
blue), motor medium (medium blue), and motor high (dark blue). c) A participant 
walking in the exoskeletons with motion capture, EMG, and a metabolic mask (left). 
A participant walking showing how the plantarflexion assistance of the exoskeleton 
can indirectly assist hip extension in late stance and hip flexion in early stance on the 
contralateral limb. 
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3.2.3 Walking Trials 

Participants completed testing over three sessions walking at 1.25 m/s on an 

instrumented split-belt treadmill (CAREN, Motek, Netherlands). The sessions were 

conducted in the order of 1) habituation, 2) gait mechanics, and 3) steady-state metabolic 

energy consumption. Waiting periods between sessions were minimized to allow for 

learning and retention (2-7 days on average). 

3.2.4 Habituation Session 

Previous work has shown the importance of habituation for the acceptance of 

assistance from exoskeletons [65]. In the first session, each participant walked with spring-

like assistance for three, seven-minute intervals for a total of 21 minutes. They also walked 

with motorized assistance for three, seven-minute intervals while increasing peak torque 

(10, 20, 30 Nm) with each bout.  

3.2.5 Gait Mechanics Session 

The primary goal for the second session was to obtain biomechanical 

measurements. We instrumented participants with surface electromyography to record 

muscle activity on the right leg [tibialis anterior (TA), lateral gastrocnemius (LG), soleus 

(SOL), rectus femoris (RF), biceps femoris (BF), gluteus medius (GMd), and gluteus 

maximus (GMx)] and reflective markers on the lower limbs and torso to collect motion 

capture. Participants were rehabituated to the exoskeleton assistance for 6-minutes prior to 

walking with exoskeletons without assistance, with springlike assistance, and with 
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motorized assistance.  During the motorized assistance habituation period, we increased 

the peak torque every 2 minutes. After each condition’s habituation trial, participants 

walked for 2 minutes. The exoskeleton assistance order was randomized for each 

participant.  

3.2.6 Steady-State Metabolic Energy Consumption Session 

Participants began the third session with a five-minute standing trial to record their 

metabolic resting baseline. Participants were fitted to a portable indirect calorimetry device 

(COSMED K5, Rome, Italy) to collect energy expenditure for each condition. We repeated 

the habituation process conducted on the gait mechanics session. The participants walked 

for six minutes at each of the six conditions in a randomized order with the respective 

habituation trial before.  

3.2.7 Biomechanics Measurements 

Kinematics were measured using a 10-camera motion capture system (100 Hz, 

Vicon, Oxford, UK) and a 44 marker lower limb and torso marker set. Ground reaction 

forces were captured with an instrumented split-belt treadmill (2000 Hz, CAREN, Motek, 

Netherlands). Inverse kinematics and inverse dynamics were calculated using OpenSim 

v4.0 (generic model 2392 with scapula) [51]. Joint angle data was filtered at 6 Hz (4th order 

zero-phase Butterworth) and ground reaction forces were filtered at 15 Hz (4th order zero-

phase Butterworth) prior to inverse dynamics calculations. The biological contribution to 

the total ankle joint moment was calculated by subtracting the estimated exoskeleton torque 

from the total ankle moment. Joint angles, moments, and powers were calculated for the 
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sagittal plane at the ankle and hip. All data was separated by stride using a 30 N threshold 

of the vertical ground reaction force. The stride average is the average of five strides. Joint 

moments and powers were averaged over early (0-40 % stride) and late stance (40-70% 

stride) for each individual and then group averaged. 

3.2.8 Electromyography (EMG) Measurements 

Muscle activity of the tibialis anterior (TA), soleus (SOL), lateral gastrocnemius 

(LG), rectus femoris (RF), biceps femoris (BF), gluteus medius (GMd), and gluteus 

maximus (GMx) were measured using surface EMG on the right leg (2000 Hz, Avantis, 

Delsys, Natick, MA). The EMG locations on the skin were shaved and exfoliated for 

improved signal. The data was processed by removing the mean, 20-400 Hz bandpass 

filtered (8th order zero-phase Butterworth), rectified using the absolute value, and smoothed 

using a 20 Hz lowpass filter (3rd order zero-phase Butterworth). The filtered data was stride 

averaged and resampled to 2000 datapoints. The EMG amplitude was normalized to the 

peak for the given muscle from the filtered, stride-averaged EMG from the exoskeleton 

condition without assistance for each participant. The integrated EMG was computed as 

the time-integral of the EMG averaged across each stride divided by the time period over 

which it was integrated for early stance (0-40%) and late stance (40-70%). 

3.2.9 Metabolic Cost Measurements 

Indirect calorimetry was collected using a portable system (COSMED K5, Rome, 

Italy) as breath-by-breath measurements for each walking trial. Each trial lasted six minutes 

to ensure the steady-state metabolic rate was achieved. Metabolic power was calculated 
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using Brockway’s equation and averaging the last minute of the trial [66]. Net metabolic 

power was calculated by subtracting the standing trial average from the walking trial 

averages. The exoskeleton no assistance trial was then subtracted off to get the change and 

percent change in net metabolic power. 

3.2.10 Statistics 

Statistical analysis was only performed on the change from exoskeleton no torque 

condition (NoTorq) to isolate the influence of the exoskeleton assistance from the effect of 

the added mass. For change in net metabolic power, we reported the means and standard 

error calculated across participants. Change in net metabolic power was the primary 

outcome measure in this study. Based on previous literature, we expected the motorized 

assistance to outperform the springlike assistance. Therefore, we performed a two-way 

mixed ANOVA (IBM SPSS Statistics, Armonk, NY). There were no outliers, as assessed 

by examination of studentized residuals for values greater than ±3. Metabolic power data 

was normally distributed, as assessed by the Shapiro-Wilk’s test (p > 0.05). There was 

homogeneity of variances (p > .05). and covariances (p > .001, p = .687)., as assessed by 

Levene's test of homogeneity of variances and Box’s M test respectively. Mauchly's test of 

sphericity indicated that the assumption of sphericity was met for the two-way interaction, 

χ2(2) = 14.59, p = .106. To test the differences between exoskeleton conditions and 

exoskeleton conditions in each age group, a post-hoc pairwise comparison with Bonferroni 

correction was used. Statistics were performed based on Laerd Statistics tutorials and 

guides.  
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There was no statistically significant effect of age (p = 0.668). There was a 

statistically significant interaction between the exoskeleton condition and age group on the 

change in metabolic power (F(4, 56) = 3.246, p = 0.018 (p < .05, partial η2 = .188). There 

was a statistically significant effect of exoskeleton condition on metabolic power for both 

the young and older groups, (Young: F(4, 36) = 7.64, p < .001, partial η2 = .459, Older: 

F(4, 20) = 17.22, p < .001, partial η2 = .775. For the young age group, metabolic power 

was statistically significantly reduced for the medium motor compared to the spring and 

the low motor assistance (Med: -0.731 ± 0.097 W/kg, Spring: -0.136 ± 0.122 W/kg 

p=0.005, Low: -0.352 ± 0.159 p = 0.022). For the older age group, metabolic power was 

statistically significantly increased for the spring compared to no exoskeleton, medium 

motor, and high motor (NE<spring, spring>S20 & S30). Metabolic power for each 

exoskeleton condition was not statistically significantly different between young and older. 

3.3 Results 

The springlike assistance condition (Spring) details what occurs with a passive 

exoskeleton that has shown small but significant reductions in metabolic cost for young 

adults. The high motor condition (Motor High) details what occurs with an active 

exoskeleton that was optimized for metabolic cost of young adults.  
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3.3.1 Metabolic Cost 

To test if motorized assistance will provide a greater metabolic benefit than 

springlike assistance, I measured net metabolic power for all conditions regardless of age 

groups (Table 1). In agreement with our hypothesis, the springlike assistance was 

statistically different from all motor conditions and walking without an exoskeleton. The 

exoskeleton no assistance condition was statistically different from the two higher motors 

and both motors were different from each other. The no assistance condition was different 

from the no exoskeleton condition as well. In conclusion, the two highest motors reduced 

metabolic cost, while the spring did not, from the no assistance condition. To test if older 

adults would receive a greater metabolic benefit regardless of assistance strategy, I 

measured the change and percent change in net metabolic power for all conditions and both 

age groups (Figure 7). In disagreement with our 2nd hypothesis there was no significant 

Figure 7 - The change in net metabolic power from exoskeleton no assistance 
condition for young (left) and older (right) adults. The right axis is the percent change 
from the exoskeleton no assistance condition. The motors outperformed the spring 
for both age groups. The medium motor and the high motor had the greatest 
reduction for the young and older adults, respectively. 
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difference found between young and older adults across exoskeleton assistance. The 

springlike assistance had opposite effects for young and older adults, but neither were 

statistically different from no assistance. The greatest reduction in metabolic cost came 

with the medium motor for young adults and the high motor for older adults.  

To further inspect the differences from exoskeleton no assistance, the change and 

percent change were calculated. The older adults had a larger reduction than young in net 

metabolic power with motor high compared to exoskeleton no assistance (Change Y: -

0.616 ± 0.322 W/kg, O: -0.978 ± 0.489 W/kg; % Change Y: -15.967%, O: -23.384%). 

3.3.2 Ankle Dynamics 

To determine where these reductions in metabolic cost were coming from inverse 

kinematics and dynamics were calculated for the ankle and the hip (Figure 8, Figure 9 

respectively). At the ankle both age groups reduced ankle moment at push off with all 

exoskeleton assistances (Figure 8a). The exoskeleton peak torque increased from low to 

high with the motors as designed and the spring peak was similar to the medium motor 

(Figure 8b). The negative biological ankle power was reduced for the spring and motor 

conditions, but the late stance peak was only reduced for the spring compared to 

exoskeleton no assistance (Figure 8d). The exoskeleton positive power peak increased from 

low to high motor, but the spring peaked similar to motor low. The exoskeleton assistance 

conditions increased plantarflexion in late stance (Figure 8e).  



 

 

34 

  

When comparing young to older adult responses, the main difference came from 

the ankle angle (Figure 8e). Young adults were more plantarflexed throughout late stance 

with a larger peak plantarflexion than exoskeleton no assistance. Older adults had only a  

Figure 8 - Ankle and Exoskeleton Dynamics and Kinematics: The average a) 
biological contribution to the ankle moment, b) the exoskeleton torque, c) the 
biological contribution to the ankle power, d) the exoskeleton power, and e) the ankle 
angle for young (left) and older (right) adults. The bar graphs are the corresponding 
average change from the exoskeleton no assistance condition over early (10-40%) and 
late (40-70%) stance for young (left) and older (right) adults. 
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small increase in peak plantarflexion with the motor exoskeletons. The spring assistance 

reduced the dorsiflexion angle from 20-60% of the stride. 

3.3.3 Hip Dynamics 

Both age groups reduced hip extensor moment in early stance and hip flexor 

moment at push off with motor assistance (Figure 9a). Hip power was also reduced in early 

Figure 9 - Hip Dynamics and Kinematics: The average a) biological contribution to 
the hip moment, b) the biological contribution to the hip power, and c) the hip angle 
for young (left) and older (right) adults. The bar graphs are the corresponding 
average change from the exoskeleton no assistance condition over early (10-40%) and 
late (40-70%) stance for young (left) and older (right) adults. 
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stance for both age groups (Figure 9b). Hip moment and power for spring assistance was 

similar to no assistance. Hip angle was also similar across exoskeleton conditions (Figure 

9c). At late stance young and older adults deviated. Young adults reduced hip flexion 

moment and peak power with the motor conditions to a greater extent than the older adults. 

Averages were calculated to compare early versus late stance changes because the 

spring assistance acts over stance and the motor acts over late stance (Figure 6b). The 

spring reduced the ankle moment across stance, increased ankle power in early stance and 

decreased ankle power in late stance for both groups. The motor conditions reduced ankle 

moment in late stance, decreased hip moment and power in early stance, and decreased hip 

Figure 10 - Ankle EMG: Average a) tibialis anterior (TA), b) soleus (SOL), and c) 
lateral gastrocnemius (GAS) activation across a stride for young (left) and older 
(right) adults. The bar graphs are the corresponding average change from the 
exoskeleton no assistance condition over early (10-40%) and late (40-70%) stance for 
young (left) and older (right) adults. 
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power in late stance for both groups compared to exoskeleton no assistance. The age groups 

deviated in strategy at the hip for the spring and in early stance at the ankle for the motors. 

The older adults in springlike assistance had a greater reduction in ankle power during late 

stance, increased the hip moment across stance, and increased hip power in early stance 

compared to young adults. The older adults with motor assistance reduced ankle moment 

and increased ankle power in early stance, and reduced hip moment in late stance. 

Figure 11 - Hip EMG: Average a) rectus femoris (RF), b) biceps femoris (BF), c) 
gluteus medius (GMd), and d) gluteus maximus (GMx) activation across a stride for 
young (left) and older (right) adults. The bar graphs are the corresponding average 
change from the exoskeleton no assistance condition over early (10-40%) and late (40-
70%) stance for young (left) and older (right) adults. 
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3.3.4 Electromyography (EMG) 

To dive deeper into the muscles contributing to joint level changes, I measured 

EMG of the ankle and hip musculature. The EMG was again split into early and late stance 

averages to see how the exoskeletons responded at different times across stance. Both 

groups increased tibialis anterior (TA) and gastrocnemius (GAS) and reduced soleus (SOL) 

activity in early stance with spring assistance (Figure 10). For the motor assistance, both 

groups reduced SOL activity across stance and GAS activity in late stance. Older adults 

differed from young with much lower activity across all calf muscles in late stance walking 

in spring assistance. With the motor assistance, they had increases in TA activity across 

stance with greater increases in early stance and decreased SOL and GAS activity across 

stance more than young adults. 

At the hip, both age groups reduced rectus femoris (RF) activity in late stance, 

increased biceps femoris (BF) activity across stance, and increased then decreased gluteus 

maximus (GMx) activity across stance with spring assistance (Figure 11). For the motor, 

both groups increased and then decreased RF activity and decreased then increased BF, 

gluteus medius (GMd), and GMx activity across stance. Older adults deviated minimally 

for hip muscle activity from young adults with exoskeleton assistance.  

3.3.5 Power 

It has been shown that exoskeleton work, not torque, leads to greater reductions in 

metabolic cost [67]. To confirm that in my data, ankle, hip, and exoskeleton positive power 

over a stride were compared to the change in net metabolic power for the no assistance 
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condition with both age groups combined. Increases in ankle and exoskeleton positive 

power coincided with a reduction in hip positive power and net metabolic power (Figure 

12). 

3.4 Discussion 

The purpose of this study was to explore ankle exoskeleton assistance strategies to 

reduce metabolic cost across the lifespan. Based on previous studies that focused 

predominantly on young adults, we expected motor-like assistance to outperform spring-

like in reducing net metabolic cost. Our results agree with this hypothesis and found the 

motor-like assistance outperformed the spring-like assistance (Figure 7). This result is 

consistent with previous literature that showed exoskeleton profiles that do more positive 

work are more effective at reducing energy. For example, in a study comparing assistance 

profiles increasing work or torque, high work profiles reduced metabolic cost by 17% while 

high torque profiles increased it [67]. Additionally, when using human-in-the-loop 

optimization to reduce metabolic cost, the assistance generated created a large amount of 

positive power at push off. This may reflect lengthening muscle fascicles and slowing the 

shortening velocities in late stance to lower metabolic cost [23]. 

In agreement with our second hypothesis, the older adults benefited more from ankle 

exoskeleton assistance, at least for the motors (Figure 7, Table 1). Ankle exoskeleton 

assistance was expected to offset the reliance on the less efficient hip musculature seen 

with aging. The highest motor provided 23.3% reductions for OA compared to 16% for 

YA while the spring-like assistance was worse for OA (Figure 7). The older adults were 
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able to receive a greater bang per buck with the motor-like exoskeleton assistance 

consistent with our theory to load the ankle more to take advantage of the higher efficiency 

at the ankle due to the Achilles tendon [11]. This is further corroborated in Figure 12 

showing OA reduced their metabolic cost more per unit of exoskeleton positive power (OA 

slope = -6.13 W/kg, YA slope =  -0.736 W/kg). Interestingly, the sweet spot in motor-like 

assistance for the young adults was with a peak torque of 20 Nm and 30 Nm for older 

(Figure 7). This is consistent with literature in simulations and experiments that show there 

is a sweet spot of timing and magnitude when reducing metabolic cost with exoskeletons 

[68]–[71]. 

Figure 12 - Metabolic and Mechanical Power: The relationship between the change 
in net metabolic power from exoskeleton no assistance with a) exoskeleton, b) ankle, 
and c) hip biological positive power for young (circle, solid) and older (triangle, 
dashed) adults. A reduction in metabolic power coincided with an increase in ankle 
positive power and a reduction in hip positive power for young adults. A reduction in 
metabolic power coincided with an increase in exoskeleton and ankle positive power 
and a reduction in hip positive power for older adults. 
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Interestingly, both young and older adult users utilized the ankle motor-like 

assistance to predominantly off load the hip, rather than the ankle (Figure 8-12). The 

muscle activation follows similar patterns to those of the kinetics at the ankle and hip as 

hypothesized in Figure 6c (Figure 10-11). In late stance, exoskeleton assistance offloads 

the plantar flexors, the gastrocnemius and soleus, a small amount (Figure 10). At the same 

time, the hip flexors are offloaded as seen by the rectus femoris (Figure 11). Then in early 

stance when the contralateral limb is receiving assistance, the hip extensors, biceps femoris, 

gluteus medius, and gluteus maximus are offloaded. This has been seen before in other 

ankle exoskeletons but not all comparable exoskeletons [72], [73]. 

This work has many implications for assistive technology for older adults. For 

example, the older adults had a higher added mass penalty so lighter devices are more 

important. Until lighter motorized devices can be made, passive devices with springs can 

be investigated further for older adults. Passive devices have the advantage of being 

lightweight. However, for this study, the stiffness and timing were not optimized for older 

adults potentially misrepresenting what passive devices can do for older adults. If 

optimization is not enough, more creative systems may be necessary to create torque 

profiles from springs that are more impulsive by using nonlinear springs, complex clutches, 

or a pseudoactive device. 
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Table 1 – Metabolic Power: Average net metabolic power for all participants and 
group averages for young and older adults. 

Pmet 

(W/kg) 

No 

Exo 

No 

Torq 

Spring Motor 

Low 

Motor 

Med 

Motor 

High 

YA04 3.34 4.35 4.24 3.53 3.13 3.14 

YA06 2.84 3.42 2.60 2.93 2.69 3.09 

YA07 3.70 4.02 4.70 3.86 3.65 3.64 

YA08 2.75 3.38 3.06 2.89 2.59 2.87 

YA09 3.25 3.54 3.24 2.55 2.33 3.04 

YA10 2.22 2.84 2.89 2.82 2.18 2.21 

YA11 2.80 3.42 3.35 3.19 2.89 2.63 

YA13 3.79 4.47 4.08 3.62 3.60 3.36 

YA14 4.08 4.49 4.58 5.21 4.18 4.07 

YA16 4.27 4.65 4.49 4.47 4.02 4.36 

Young 3.30 3.86 3.72 3.51 3.13 3.24 

       

OA04 3.48 4.85 4.77 3.47 3.27 3.33 

OA06 3.83 4.44 4.85 4.50 4.08 3.11 

OA08 3.78 4.63 4.81 4.34 4.23 4.17 

OA10 3.48 4.03 4.27 3.75 3.18 3.07 

OA11 3.11 4.04 3.87 2.97 2.99 2.78 

OA12 3.11 3.09 3.49 3.02 2.98 2.77 

Older 3.46 4.18 4.34 3.68 3.46 3.20 
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CHAPTER 4. LINKING CALF MUSCLE-TENDON PROPERTIES TO USER 

PERFORMANCE IN ACTIVE AND PASSIVE ANKLE EXOSKELETONS 

4.1 Introduction 

Exoskeletons have advanced over the last ten years to reduce metabolic cost up to 

50% when walking [19], [63]. There have been multiple types of exoskeletons created to 

reduce metabolic cost including passive, active, and pseudo-passive. However, they all set 

out to produce a desired torque profile. The passive device creates a torque profile using a 

spring and clutch to store and release energy over stance to provide a spring in your step. 

The active devices create an impulsive torque profile using a motor to provide additional 

push off in late stance. Pseudo-passive combines active and passive components to create 

a combination profile. What we have found over the years is that the magnitude and timing 

is critical for creating positive power to reduce metabolic cost [68], [70], [71]. When 

comparing ankle exoskeleton profiles increasing work or torque, the exoskeletons with 

more work and positive power, lead to greater reductions in metabolic cost [67]. When 

using human-in-the loop optimization, with ankle exoskeletons, to reduce metabolic cost 

the profile that emerged was an impulsive torque with high positive power in late stance 

[24]. However, it is unclear why these shapes are successful, especially at the physiological 

level. 

The ankle plantar flexors have a particularly unique morphology consisting of muscles with 

shorter fascicles and long elastic tendons. The Achilles tendon allows the muscle to 

decouple from the joint to produce force more economically and thus reduce metabolic 
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cost. There is some work showing that the stiffness of the tendon is optimally tuned for the 

metabolic cost of walking [74]. There are many conditions/instances that influence the 

stiffness of the Achilles tendon including working out, diabetes, aging, and cerebral palsy 

[14], [17], [75]–[77]. Combined, the stiffness of the Achilles tendon can affect the 

metabolic cost of walking. For example, using the equation in Figure 13e, if the tendon 

stiffness is reduced, the tendon length will increase. The muscles will operate at shorter, 

less optimal lengths and higher activations raising metabolic cost (Figure 13d). However, 

it is unknown when combining differences in Achilles tendon stiffness with ankle 

exoskeleton assistance, how the two will interact to modify metabolic cost.  

While the tendon properties influence metabolic cost, it is likely the muscle 

properties do as well. While the exoskeletons are placed on joints, it is thought they operate 

by modifying muscle contractile dynamics to drive metabolic cost. In young adults using 

spring-like assistance, exoskeletons reduce the mechanical demand at the ankle, lengthen 

muscles in early stance, and reduce muscle activation to lower metabolic cost [78], [79]. 

While muscle level changes have not been recorded in vivo with motor-like assistance, 

data driven simulations found similar results as spring-like but with the changes primarily 

occurring in late stance [80]. Another example, using the equation in Figure 13f, if the 

exoskeleton offloads the force required to walk, the tendon length will decrease. The 

muscle will operate at longer, more optimal lengths, and lower activations reducing 

metabolic cost (Figure 13d). Understanding how users’ muscle and tendon morphology 

interact with an exoskeleton’s torque profile is still unclear. 
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The purpose of this study was to evaluate the calf muscles and tendon’s role in 

modifying metabolic cost during walking in springlike and motorlike ankle exoskeleton 

assistance profiles. Participants walked in commercially available ankle exoskeletons 

(Dephy Inc, Boxborough, MA) with springlike and motorlike assistance profiles while 

measuring muscle and tendon properties with ultrasound. Based on experimental and 

modeling literature, we hypothesize, the exoskeletons would lower muscle force and 

activation, lengthen muscle fascicles to reduce metabolic cost across 1a) stance for the 

springlike and 1b) late stance for motorlike. Secondarily, we hypothesize that lower 

Achilles tendon stiffness would lead to a larger reduction in metabolic cost from the 

exoskeleton assistance. Using Figure 13g to explain, the force required to walk in the 

exoskeleton will be less than without the exoskeleton, creating a double negative change 

in force, or positive numerator. Then with lower tendon stiffness we see a larger shift 

toward longer lengths. It has been shown that operating at shorter lengths will raise your 

metabolic cost, so longer lengths should reduce metabolic cost [32]. Our anticipated results 

are intended to provide valuable insight into how ankle exoskeletons interact with the 

underlying physiology linking structure to function. 

4.2 Methods 

4.2.1 Participants 

Nine healthy younger adults (2 female, 7 male; age: 21.11 ± 1.96 years; height: 

176.72 ± 10.72 cm; mass: 74.61 ± 17.19 kg) and four healthy older adults (4 female; age: 

72.5 ± 5.80 years; height: 165.11 ± 2.25 cm; mass: 59.54 ± 4.51 kg) participated in the 
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study. The participants met the inclusion criteria of not having a history of musculoskeletal 

injuries or vestibular impairments, and the ability to walk for a minimum of 60 minutes 

Figure 13 - a) Participant walking with ankle exoskeletons and portable metabolic system. 
b) The average exoskeleton torque provided over a stride. c) Soleus fascicle from B-mode 
ultrasound recorded over the medial gastrocnemius (left) and the gastrocnemius-Achilles 
tendon muscle tendon junction (MTJ) (right) for calculating stiffness. d) Hypothesized 
mechanism for reduced tendon stiffness (purple) and ankle exoskeleton assistance (pink) 
on theoretical force-length curves at different activations (30, 50, 70%). e) Mathematical 
hypothesis for how complaint tendons would modify operating ranges on force-length 
curves when walking. f) Mathematical hypothesis for how exoskeleton assistance would 
modify operating ranges on force-length curves when walking.  g) Mathematical 
hypothesis for how people with complaint tendons would benefit more from exoskeleton 
assistance by modifying the operating ranges on force-length curves when walking. 
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within a 90-minute time frame. All participants signed an informed consent approved by 

the Institutional Review Board at Georgia Institute of Technology. 

4.2.2 Exoskeleton 

Commercially available bilateral ankle exoskeletons (Dephy Inc, Boxborough, 

MA) with plantarflexion assistance were used with custom controllers (Figure 13a). The 

exoskeletons have on-board encoders and inertial measurement units for state-based 

control. Participants walked in three conditions: (1) exoskeletons without assistance, (2) 

exoskeletons with springlike assistance, and (3) exoskeletons with motorized assistance 

strategies with a peak torque of 20 Nm. The springlike assistance used impedance control 

without damping to apply torque with a spring stiffness of 70 Nm/rad [23]. The assistance 

began at flat foot after heel strike and ended at toe off mimicking a spring and clutch 

mechanism to time when to release the stored energy[22], [23]. The torque profile for the 

motor assistance was a human-in-the-loop optimized spline generated from four nodes: 

peak time, rise time, fall time, and peak torque (Figure 13b) [24]. The parameters used 

were optimized for metabolic cost with the average younger adults’ parameters from Zhang 

et al. The only difference was peak torque was preset to 10, 20, and 30 Nm for this 

experiment. 

4.2.3 Protocol 

Participants completed testing over one dynamometer session and three walking 

sessions. Participants walked at 1.25 m/s on an instrumented split-belt treadmill (CAREN, 

Motek, Netherlands). The four testing sessions were 1) muscle-tendon characteristics, 2) 
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habituation, 3) gait mechanics, and 4) steady-state metabolic energy consumption. Waiting 

periods between sessions were minimized to allow for learning and retention (2-7 days on 

average). 

4.2.4 Muscle-Tendon Characteristics 

Force-length curves at 100, 66, 33, and 0% activation were measured for each 

participant laying supine with their right knee flexed 120° to minimize the contribution of 

the gastrocnemius [42]. All trials took place on a dynamometer (Biodex Medical Systems, 

Shirley, NY) to measure the torque. Torque feedback from the previous trial and verbal 

encouragement were used to reach maximal activation. EMG feedback was used to reach 

33 & 66% activation of the soleus. Passive trials were ensured to have no activation of the 

surrounding muscles. Five angles (20PF, 10 PF, 0, 15 DF, and max DF) were chosen so 

fascicle lengths spanned the greatest portion of the force-length curve. 

Ultrasound was placed over the medial gastrocnemius to image the soleus (Figure 

13c). Motion capture was used to calculate moment arms and ensure minimal lift of the 

heel during contractions (markers: medial epicondyle, medial malleolus, head of the 1st 

metatarsal, dynamometer axis of rotation, dynamometer offset, and on the pedal at half the 

length of the foot). Muscle activity was recorded using surface EMG of the soleus. 

We collected motion capture data (200 Hz) (ViconMotion Systems, UK), torque on 

a dynamometer (1000 Hz) (Biodex Medical Systems Inc., USA), ultrasound (100 Hz), and 

EMG (1000 Hz) at the corresponding sampling frequencies. The EMG data was cleaned 

by removing the mean, bandpass filtered (20-450 Hz), notch filtered (60 Hz), absolute 
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value rectified, and lowpass filtered at 6 Hz. Kinematics and kinetics were filtered at 6 Hz. 

Soleus fascicle lengths were measured using Ultratrack [46].  

Achilles tendon stiffness measurements were calculated from plantarflexion 

contractions with a straight leg on the dynamometer (Biodex Medical Systems Inc., USA). 

The torque from the dynamometer was converted to force using the Achilles tendon 

moment arm. A b-mode ultrasound probe (Telemed, Vilnius, Lituani) was placed over the 

muscle tendon junction (MTJ) of the gastrocnemius and the Achilles tendon. Participants 

were asked to slowly contract as hard as possible. The data was parsed into 10% force 

intervals to track the length change in ImageJ (Bethesda, MD). A linear regression was fit 

to the force and length data in the 50-100% range of force output [49], [50]. The slope of 

the line is the stiffness in N/mm.  

4.2.5 Habituation 

Previous work has shown the importance of habituation for the acceptance of 

assistance from exoskeletons [65]. In the first session, each participant walked with spring-

like assistance for three, seven-minute intervals for a total of 21 minutes. They also walked 

with motorized assistance for three, seven-minute intervals while increasing peak torque 

(10, 20, 30 Nm) with each bout. 

4.2.6 Gait Mechanics 

The primary goal for the second session was to obtain biomechanical 

measurements. We instrumented participants with surface electromyography to record 



 

 

50 

muscle activity on the right soleus (SOL) and ultrasound over the medial soleus to get 

fascicle length and velocity. We placed reflective markers on the lower limbs and torso to 

collect motion capture. Participants were rehabituated to the exoskeleton assistance for 6-

minutes prior to walking with exoskeletons without assistance, with springlike assistance, 

and with motorized assistance.  After each condition’s habituation trial, participants walked 

for 2 minutes. The exoskeleton assistance order was randomized for each participant.  

4.2.7 Steady-State Metabolic Energy Consumption 

Participants began the third session with a five-minute standing trial to record their 

metabolic resting baseline. Participants were fitted to a portable indirect calorimetry device 

(COSMED K5, Rome, Italy) to collect energy expenditure for each condition (Figure 13a). 

We repeated the habituation process conducted on the gait mechanics session. The 

participants walked for six minutes at each of the three conditions in a randomized order 

with the respective habituation trial before.  

4.2.8 Biomechanics Measurements 

Kinematics were measured using a 10-camera motion capture system (100 Hz, 

Vicon, Oxford, UK) and a 44 marker lower limb and torso marker set. Ground reaction 

forces were captured with an instrumented split-belt treadmill (2000 Hz, CAREN, Motek, 

Netherlands). Inverse kinematics and inverse dynamics were calculated using OpenSim 

v4.0 (generic model 2392 with scapula) [51]. Joint angle data was filtered at 6 Hz (4th order 

zero-phase Butterworth) and ground reaction forces were filtered at 15 Hz (4th order zero-

phase Butterworth) prior to inverse dynamics calculations. The biological contribution to 
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the total ankle joint moment was calculated by subtracting the estimated exoskeleton torque 

from the total ankle moment. Joint angles, moments, and powers were calculated for the 

sagittal plane at the ankle. All data was separated by stride using a 30 N threshold of the 

vertical ground reaction force. The stride average is the average of five strides. Joint 

moments and powers were integrated over early (0-40 % stride) and late stance (40-70% 

stride) for each individual and then group averaged. 

Muscle activity of the soleus was measured using surface EMG on the right leg 

(2000 Hz, Avantis, Delsys, Natick, MA). The EMG locations were shaved and exfoliated 

for improved signal. The data was processed by removing the mean, 20-400 Hz bandpass 

filtered (8th order zero-phase butterworth), rectified using the absolute value, and smoothed 

using a 20 Hz lowpass filter (3rd order zero-phase butterworth). The EMG amplitude was 

normalized to the peak from the filtered stride averaged EMG from the exoskeleton 

condition without assistance for each participant. The integrated EMG was computed as 

the time-integral of the filtered EMG averaged across each stride divided by the time period 

over which it was integrated for early stance (0-40%), and late stance (41-70%). 

Muscle fascicles of the medial soleus were collected using B-mode cine ultrasound 

(ArtUS EXT-1H acquisition unit, 60 mm long LV8-5N60-A2 probe, Telemed, Vilnius, 

LT). The probe was placed over the belly of the medial gastrocnemius where the fascicles 

were easiest to visualize (50-117 Hz). Fascicles were tracked in Ultratrack to measure 

length and pennation angle [46]. Fascicle velocity was calculated as the derivative of the 

fascicle length over time. 
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4.2.9 Metabolic Cost Measurements 

Indirect calorimetry was collected using a portable system (COSMED K5, Rome, 

Italy) as breath-by-breath measurements for each walking trial (Figure 13a). Each trial 

lasted six minutes to ensure steady-state metabolic rate was achieved. Metabolic power 

was calculated using Brockway’s equation and averaging the last minute of the trial [66]. 

Net metabolic power was calculated by subtracting the standing trial average from the 

walking trial averages. The exoskeleton no assistance trial was then subtracted off to get 

the change and percent change in net metabolic power. 

4.2.10 Statistics 

Statistical analysis was performed in SPSS (IBM SPSS Statistics, Armonk, NY) with 

Laerd Statistics tutorials and guides. For hypotheses 1a and 1b, one-way repeated measures 

analysis of variance (ANOVA) with Shapiro-Wilk test of normality was used to find main 

effect of exoskeleton assistance in early or late stance on muscle force, activation, fascicle 

length, and metabolic cost. Early stance fascicle velocity, early stance force, and soleus 

activation in late stance for the exoskeleton without assistance violated the normality test 

(p > 0.05). However, ANOVA was still used on this data because it is robust to deviations 

of normality. On the significant main effects, a post hoc pairwise comparison with 

Bonferroni correction was used to test which exoskeleton conditions were different for a 

given variable. A linear regression was used to compute correlation coefficients between 

metabolic cost and the muscle-tendon parameters for the secondary hypothesis: tendon 

stiffness, muscle strain, maximum force, and optimal length. 
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4.3 Results 

All data reported will be mean ± standard deviation. A significant difference in 

metabolic cost for the springlike assistance was not found (p > 0.05) (Figure 14). Springlike 

assistance did reduce fascicle force in late stance (NoTorq = 15.99 ± 3.19 N/kg, Spring = 

12.60 ± 3.13 N/kg, p < 0.001) (Figure 16a). Fascicle power, soleus activation, fascicle 

length, and fascicle velocity were not found to be significantly different from the 

exoskeleton no torque condition (p > 0.05) (Figure 16 b-e). The change in soleus activation 

from the exoskeleton no assistance condition was found to be significantly higher than for 

motorlike assistance in late stance (Spring = 0.53 ± 0.11, Motor = 0.38 ± 0.12, p = 0.015) 

(Figure 16c). 

Motorlike assistance lowered metabolic cost significantly (p < 0.05) (Figure 14). 

Motorlike assistance reduced fascicle force and soleus activation in late stance (Force: 

NoTorq = 15.99 ± 3.19 N/kg, Motor = 13.43 ± 2.60 N/kg, p < 0.001; Activation: NoTorq 

= 0.52 ± 0.083, Motor = 0.38 ± 0.12, p = 0.014) (Figure 16a, c). Fascicle power, fascicle 

length, and fascicle velocity were not found to be significantly different from the 

exoskeleton no torque condition (p > 0.05) (Figure 16b, d, e). 

A linear regression was used to test hypothesis 2: people with lower Achilles tendon 

stiffness would benefit more from exoskeleton assistance. A significant correlation was not 

found (p > 0.05) (Figure 18a). Additionally, a correlation was not found between the 

change in net metabolic power and any muscle properties (p > 0.05) (Figure 18b-d). 

4.4 Discussion 



 

 

54 

 

The purpose of this study was to evaluate the calf muscle and tendon’s role in 

modifying metabolic cost during walking in springlike and motorlike ankle exoskeleton 

assistance profiles. We used the Dephy ankle exoskeleton to provide spring and motorlike 

torque profiles while measuring muscle and tendon morphology using ultrasound (Figure 

15a, c). As expected, the springlike assistance provided a large torque across stance that 

reduced the biological ankle moment and power at push off (Figure 15). The motorlike 

assistance provided an impulsive torque in late stance reducing biological ankle moment 

but not power at push off (Figure 15). In line with previous literature, we found motor 

Figure 14 - Average net metabolic power while walking in the exoskeleton without 
assistance (black), springlike assistance (pink), and motorlike assistance (blue). The 
data points represent participants with the circles being young adults and triangles 
being older adults. The motor was statistically different from both no torque and 
springlike assistance (p < 0.05). 
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Figure 15 - Ankle Inverse Kinematics and Dynamics: The stride average a) ankle 
angle, b) biological contribution to the ankle moment, c) exoskeleton torque for all 
exoskeleton conditions, d) biological contribution to the ankle power, and e) the 
exoskeleton power with early (0-40% stride) and late stance (40-70% stride) averages. 
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strategies were more effective than springlike at reducing metabolic cost from the no torque 

condition (Figure 14) [19], [21]–[24], [63]. However, our main hypotheses were based on 

how the muscle and tendon morphology would modify metabolic cost when walking in 

spring and motorlike exoskeleton assistance.  

Based on literature from young adults, we hypothesized, springlike exoskeleton 

assistance would lower muscle force and activation, lengthening muscle fascicles to reduce 

metabolic cost across stance. Surprisingly we found no change in metabolic cost from the 

exoskeleton no torque condition (p < 0.05) (Figure 14). This is different from literature 

where a small reduction in metabolic cost, 4-7% was found [22], [23] This could mean the 

stiffness used was not the optimal stiffness for this cohort. We found partial agreement 

with the rest of the hypothesis; the fascicle force was lower than the no torque condition 

but only during late stance Figure 16a. This is consistent with previous literature for young 

adults [79]. Fascicle power, muscle activation, fascicle length, and fascicle velocity were 

not statistically different from those found in the no torque condition in early or late stance 

(Figure 16). This is not in agreement with literature. In a couple studies muscle activation 

was reduced [78], [79]. However, only one study to date has measured muscle fascicle data 

during exoskeleton assistance [79]. This study found a reduction in muscle fascicle forces, 

activation, increase in fascicle length, and shortening velocity. One difference between our 

study and theirs is they tested multiple spring stiffnesses and found statistical significance 

for activation, length, and velocity only at stiffnesses higher than what was used in this 

study. Additionally, since we didn’t see metabolic changes with the spring it would make 

sense, we wouldn’t see changes in other measures as well. 
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Figure 16 - Soleus Muscle Tendon Dynamics: The stride average soleus a) fascicle 
force, b) fascicle power, c) activation, d) fascicle length, and e) fascicle velocity 
with early (0-40% stride) and late stance (40-70% stride) averages. Both fascicle 
force and soleus activation were statistically different in late stance (* p < 0.05). 
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Our corollary hypothesis was motorlike assistance with ankle exoskeletons would 

lower muscle force and activation, lengthen muscle fascicles in late stance to reduce 

metabolic cost. The hypothesis was based on data driven simulations in young adults 

wearing an ankle exoskeleton with a late stance impulsive torque. They predicted the 

Figure 17 - Force-Length and -Velocity Curves: a) group average 0, 33, 66, and 100% 
activation force-length curves and the group average operating range while wearing 
exoskeletons with no assistance, springlike assistance, and motorlike assistance. c) 
figure a zoomed in to see the workloops. Up triangles represent heel strike and down 
triangles represent toe off. b) Normalized force-velocity curve with group average 
operating range while wearing exoskeletons with no assistance, springlike assistance, 
and motorlike assistance. d) figure b zoomed in to see the workloops. Up triangles 
represent heel strike and down triangles represent toe off. 
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metabolic reduction came from lowering the fascicle force and activation and operating at 

longer, more efficient lengths, primarily in late stance [80]. Consistent with previous 

literature, we found a reduction of 18.12% in metabolic cost while walking with motorlike 

assistance [21], [24], [63] (Figure 14). Consistent with the data driven simulation, we found 

a reduction in fascicle force and soleus activation in late stance (Figure 16) [80]. 

Inconsistent with our hypothesis and the simulations, no statistically different changes were 

seen for fascicle length, velocity, or power. Thre are a couple reasons we may not be seeing 

changes in length, velocity, or power (Figure 16). First off, the effect sizes for these 

variables are very small <0.1. Secondly, it could be small changes in multiple variables 

that lead to the reduction in metabolic cost. For example, the fascicle lengths were trending 

towards longer in early stance while maintaining a short length at push off. This increased 

the velocity of the fascicle which increased the peak power while generating a lower force 

at push off. Combined, they’re creating more power with less force and activation, reducing 

metabolic cost. Lastly, in our previous work we found most people maintained their ankle 

contribution while offloading the hip. This means the changes at the muscle level would 

be occurring in the hip musculature, not the ankle. 

Based on longer lengths leading to less metabolically costly contractions, we 

hypothesized that lower Achilles tendon stiffness would lead to a larger reduction in 

metabolic cost. To recap, adding an exoskeleton will result in positive change in force and 

when divided by a smaller tendon stiffness creates a larger shift toward longer lengths 

(Figure 13d). Our hypothesis was not confirmed, we saw no correlation between metabolic  
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power and tendon stiffness (Figure 18a). We also compared metabolic change to muscle 

strain, maximal force, and optimal length to see if exoskeleton performance was more 

Figure 18 - Metabolic Power and Muscle-Tendon Properties: The relationship 
between the change in net metabolic power from the exoskeleton without assistance 
and a) Achilles tendon stiffness, b) passive muscle strain from zero to 20% of maximal 
force, c) maximal force, and d) optimal length at maximal activation for young (circle) 
and older (triangle) adults. The line is the linear regression fit to the data and the 
equation is above each corresponding plot. No correlation was found between the 
metabolic response to the exoskeleton and the muscle-tendon properties (p > 0.05). 
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related to muscle outcomes and again saw no significance (Figure 18). To our knowledge, 

no one has tried to link physiological properties to performance in exoskeletons. Structural 

properties of the ankle had no effect on exoskeleton performance potentially because in 

our previous work, we found the exoskeletons maintained ankle contribution while 

offloading the hip. Had we studied the hip musculature, we may have seen our 

hypothesized mechanism. 

There are several limitations to this work. We did not optimize spring or motor 

assistance for the participants. Therefore, we did not tune the exoskeleton assistance to the 

participant’s structure explaining the weak dependence of metabolic cost on structural 

properties. Without optimization of the springlike assistance, a reduction in metabolic cost 

was not found and further explaining no differences at the muscle level. Optimizing the 

motor, we may have seen larger reductions in metabolic cost and tuning towards 

individuals’ structural properties emphasizing the changes at the muscle level. We also 

used aging to ensure a range of tendon stiffnesses. However, there is more than tendon 

stiffness that changes with age that we were unable to control in our study. Future studies 

that optimize exoskeleton assistance may better tweeze out how different types of torque 

profiles interact with the underlying physiology. Running the study with different 

populations that vary different muscle-tendon properties would further elucidate whether 

physiology impacts exoskeleton performance. Lastly, studies focusing on physiology at the 

hip may better predict exoskeleton performance since most of the changes kinetically were 

at the hip. 
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Figure 19 - Individual Absolute Force Length Curves: Absolute participant specific, 
activation dependent force-length curves with workloops for walking in 
exoskeletons without assistance (black), springlike assistance (pink), and motorlike 
assistance (blue). 
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Figure 20 - Individual Normalized Force Length Curves: Normalized participant 
specific, activation dependent force-length curves with work loops for walking in 
exoskeletons without assistance (black), springlike assistance (pink), and motorlike 
assistance (blue). 



 

 

64 

CHAPTER 5. CONCLUSION 

In this work we investigated the muscle and tendon changes with age, compared 

ankle exoskeleton assistance for young and older adults, and determined if exoskeleton 

assistance is influenced by calf muscle and tendon properties. In the first chapter we found 

both tendon stiffness and functional tendon stiffness were lower with age in agreement 

with literature. There is some debate where older adults operate on their tendon FL curve 

and whether less stiff tendon measures are just a function of operating at lower forces. The 

functional tendon stiffness shows that older adults operate with less stiff tendons at 

matched forces. While the muscle level properties were not different with age, we did have 

a fit group of older adults that don’t represent an average older adult. This was also the 

first-time submaximal force-length curves were shown in older adults. 

 In chapter 2 we compared springlike and motorlike assistance in ankle exoskeletons 

and their ability to reduce metabolic cost. The comparison was two-fold, first we were able 

to see what type of assistance works better for older adults and secondly, the assistance 

profiles were previously tuned for young adults, allowing us to see if the assistance needed 

to be retuned for older adults or used across age groups. We found the motorlike assistance 

outperformed the springlike in both groups. This means focusing on motorlike assistance 

or assistance with late impulsive torque, should be used for older adults. We have not given 

up on passive devices, but a pseudo-passive device may be better than purely passive to 

achieve a more impulsive torque.  
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We also found that older adults were able to benefit from motorlike assistance 

optimized to young adults, meaning a one-size fits all approach worked in this case. The 

interesting component is that the motorlike assistance reduced metabolic cost not by only 

offloading the ankle, but rather maintaining or slightly reducing the ankle but primarily 

offloading the hip. While this has been seen in other studies, most ankle exoskeletons that 

reduce metabolic cost reduce the ankle contribution. This was also seen at the muscle level. 

Plantarflexion assistance during walking can assist in three main locations: 1) 

plantarflexion in late stance, 2) hip flexion in late stance, and 3) hip extension in early 

stance for the contralateral limb. The muscle activity was reduced in the ankle plantar 

flexors (GAS, SOL) in late stance, the hip flexors (RF) in late stance, and the hip extensors 

(BF, GMd, GMx) in early stance. This work shows how assistance can be redirected to 

assist other joints. 

In chapter 3 we determined if calf muscle and tendon parameters influenced 

exoskeleton assistance performance. We found no correlation between metabolic power in 

the exoskeleton and muscle or tendon properties. There are a few ways this could be 

interpreted. 1) ankle muscle and tendon properties do not influence exoskeleton 

performance. 2) because the exoskeleton assistance wasn’t tuned to the individuals’ muscle 

and tendon properties, we did not see the interaction. 3a) the spring did not show a 

reduction in metabolic cost, so it is unlikely to see effects in our measurements. 3b) from 

chapter 2 we found the motorlike assistance primarily offloads the hip while maintaining 

ankle moment and power. With the ankle response being maintained, it is unlikely to see 

changes in the calf muscle and tendon.  
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We also found the reductions in metabolic cost with the motorlike assistance also 

came with a reduction in soleus fascicle force and activation while maintaining fascicle 

power. This means that the exoskeleton allows the participant to create the same amount 

of power while using less muscle activation justifying the lower metabolic cost. This is the 

first study to measure fascicle level changes while in an active exoskeleton. 

With some answers, brings more questions. Future studies should see if tuning 

exoskeletons to older adults reveals greater reductions or shows new links between 

exoskeleton performance and physiological measures. It would also be interesting to see if 

other muscle or tendon measures would tell a different story or if studying the hip would 

show a link between physiology and exoskeleton performance. Since we saw 

improvements at the hip and ankle it would be interesting to see if a hip exoskeleton would 

be more beneficial. It would also be interesting to see how a pseudo-passive device could 

perform a more impulsive torque and if it could combine the benefits of both passive and 

active devices.  
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