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Leg and lower limb dynamic joint stiffness during different walking speeds in 

healthy adults 

Abdel-Rahman Akl, Arnold Bacac, Jim Richards, Filipe Conceição  

Abstract 

Background: The differences and relationship between joint stiffness and leg 

stiffness can be used to characterize the lower limb behavior during different 

walking speeds. 

 Research question: This study aimed to investigate the differences in whole leg and 

lower limb joint stiffness at different walking speeds and the interactions between leg 

and lower limb joint stiffness. 

 Methods:  

Twenty-seven healthy adults, seventeen males (age: 19.6±2.2 years, height: 176.0±6.0 

cm, mass: 69.7±8.9 kg), and ten females (age: 19.1±1.9 years, height: 164.0±3.0 cm, 

mass: 59.6±3.8 kg), were recruited. Dynamic leg and joint stiffness were calculated 

during eccentric loading from data recorded using 3D infrared motion analysis and 

force plates at slow, normal, and fast walking speeds. Differences in dynamic stiffness, 

joint angles and moments were explored between the walking speeds using Repeated 

Measures ANOVA with Sidak post-hoc tests. Correlations between leg, joint stiffness, 

and walking speed were also explored. 

Results:  

The results indicated that the leg dynamic stiffness is decreased by walking speed, 

however, hip and ankle joint stiffness were increased (p<0.001) and knee stiffness was 

unaffected. Leg stiffness showed no correlation with hip, knee, or ankle stiffness. A 

positive significant correlation was seen between hip and ankle stiffness (p<0.01) and 

between knee and ankle stiffness (p<0.001), however, no correlation was seen 

between hip and knee stiffness. 



Significance: These results suggest leg stiffness is not associated with lower limb joint 

stiffness during eccentric loading. This provides new information on the responses of 

ankle, knee and hip joint stiffness to walking speed. 

Key words: Leg stiffness; Joint stiffness; Biomechanics; Walking speed. 



1. Introduction 

Many studies have reported stiffness of the lower limb during locomotion [1], 

which is often reported as leg stiffness or joint stiffness. Leg stiffness may be described 

as linear stiffness, the change of elastic deformation, or the change of force divided 

by the elongation [Leg stiffness=∆F/∆x]. Whereas joint stiffness may be defined as the 

change in moment divided by the change in angle [joint stiffness =∆M/∆θ] [2], or 

defined as the ratio of maximal joint moment to maximum joint flexion angle [3-5].  

Leg stiffness has been reported as the most suitable measure for evaluating the 

dynamic characteristics of the whole lower limb during walking or running [3, 6, 7]. 

However, joint stiffness has been linked to musculotendinous stiffness, which can be 

considered as passive or active [8]. Previous studies have defined passive stiffness as 

the characteristics of the joint structures without muscle activity [9-14], whereas 

dynamic stiffness, or quasi-stiffness, considers muscle activity interacting during inter-

segmental displacements [15-20]. 

Several studies have investigated ankle joint stiffness during normal walking 

[2, 16, 17, 21-23], hip joint stiffness during normal walking [24], and leg stiffness during 

normal walking [3]. In addition, a few studies have investigated hip stiffness [25], knee 

stiffness [25, 26],  ankle stiffness [25], and leg stiffness [27] during different walking 

speeds. Jin and Hahn [25] underlined the importance of investigating the relationship 

between joint stiffness and leg stiffness during different locomotion tasks and speeds. 

They indicated it may be beneficial to further investigate the relationship between 

joint stiffness and leg stiffness during different locomotion tasks and speeds. 

Furthermore, leg stiffness has been reported as a key parameter for understanding 

and describing human motion, and can be used to characterize the lower limb 

behavior during different walking speeds [28, 29].  

The relationship between leg and joint stiffness is complex and has been shown to 

change according to walking and running speed, with some studies reporting an increase in 

leg stiffness [27, 30], whereas other studies indicate little difference when movements change 

from slow to moderate speeds [31-33], and Brughelli and Cronin [34] conversely reported that 

leg stiffness decreased at high velocity. 



Brughelli and Cronin [34] and Kuitunen, Komi and Kyrolainen [35] indicated that knee 

joint stiffness plays a more important role in controlling leg stiffness than ankle joint stiffness. 

Kim and Park [27] reported the relationship between ankle and hip joint moments to be more 

sensitive with gait speed and indicated the importance of investigating the leg and lower limb 

joint stiffness at different walking speeds to quantify the contribution of the stiffness of each 

joint to leg stiffness. Therefore, our study investigated both leg and joint stiffness to increase 

our understanding of the role of joints stiffness in controlling overall leg stiffness during 

different walking speeds. 

Thus, the purpose of the study was to determine the differences in leg stiffness 

and joint stiffness when walking at different speeds and to explore the relationships 

between leg stiffness and joint stiffness. We hypothesized that: (1) leg stiffness would 

alter during different walking speeds according to lower limb joints stiffness, (2) lower 

limb joints stiffness would increase when walking speeds increased. 

 

2. Material and Methods 

2.1. Subjects 

Twenty-seven healthy adults, seventeen males (age: 19.6±2.2 years, height: 176.0±6.0 

cm, mass: 69.7±8.9 kg), and ten females (age: 19.1±1.9 years, height: 164.0±3.0 cm, 

mass: 59.6±3.8 kg) volunteered to take part in the study. Subjects had no history of 

neural or musculoskeletal injuries of the lower limbs,  and were free of pain and injury. 

All participants were informed of the experimental procedures and objectives and 

provided written informed consent to participate in this study, which was approved 

by the Ethical Committee for Human Research of the hosting institution. 

2.2.   Experiment Protocol 

An 11 camera Qualisys motion analysis system (Qualisys AB, Gothenburg, Sweden) 

recorded three-dimensional kinematics at 200 Hz using a lower limb marker set 

consisting of 38 retro reflective markers placed on anatomical landmarks and rigid 

clusters. The markers were attached using double sided tape to; the anterior and 

posterior superior iliac spines, lateral and medial femoral epicondyles, lateral and 

medial prominence of the malleoli, posterior surface of the calcaneus, head of the 1st, 



2nd and 5th metatarsal, greater trochanter, in addition clusters each with four markers 

were fixed to the thigh and shank using elastic bandages [36]. Participants were 

required to wear tight shorts in order to facilitate the marker placement and reduce 

motion artifacts. Four Bertec force platforms (Bertec Corporation, OH, USA), two 

40x60 cm and two 60x90 cm, were used to record ground reaction force data at 1000 

Hz, which was synchronized with the kinematic data using Qualisys Track Manager 

Software (Qualisys AB, Gothenburg, Sweden).  

Participants were asked to walk at three different walking speeds; slow, normal, and 

fast. Before the commencement of data collection each participant was asked to 

perform a walk at their normal, most comfortable walking speed, and then instructed 

to practice walking at a slower speed between 80% and 85% of their normal speed, 

and then asked to increase their speed to between 115% and 120% of their normal 

walking speed. When the participants indicated they were confident in matching these 

speeds data collection commenced. Any slow or fast trials that were out of range of 

the target speed for each subject were ignored during data processing. Each 

participant performed walking trials along the length of a 12 m walkway, with at least 

three strides before and after reaching the force plates. Five successful trials at each 

speed were selected for analysis, and all variables were calculated and averaged 

across the 5 gait cycles for each speed for each subject.  

2.3. Data Processing 

Marker data were digitized using Qualisys Track Manager Software (Qualisys, Inc., 

Gothenburg, Sweden). Marker and force data were then exported to Visual3D for 

further analysis (C-Motion, Germantown, MD, USA).  

2.4. Leg and Joint Stiffness 

2.4.1. Leg Stiffness 

The lower limb was modeled in accordance with previous work [37, 38]. Leg stiffness 

(kleg) was calculated as the ratio of the peak vertical ground reaction force (vGRFpeak) 

to the change in vertical leg length (∆L) during midstance, when the leg is at its 

maximal compression during stance phase, equation (1): 



𝑘𝑙𝑒𝑔 =
𝑣𝐺𝑅𝐹𝑝𝑒𝑎𝑘

∆𝐿
                              (1) 

The maximum change in vertical leg length (∆L) was calculated using the change in 

vertical leg length between initial contact and maximum displacement of the center 

of mass, and half of the sweep angle of the leg spring between these events, equations 

(2,3).  

∆𝐿 = ∆𝑦 + 𝐿0(1 − cos 𝜃)              (2) 

𝜃 = 𝑠𝑖𝑛−1(
𝑢𝑡𝑐

2𝐿0
)                                 (3) 

Where vGRFpeak = peak vertical force; ∆L = maximum change in vertical leg length; ∆y 

= change in displacement of the center of mass; L0 = leg length defined as the vertical 

distance from the ground to the greater trochanter during standing; Ө = half of the leg 

sweep angle arc by the leg spring between initial contact and maximum displacement 

of the center of mass; u = forward speed; tc = the time of foot contact with the ground 

[38].  

 

2.4.2. Joint Stiffness 

Hip joint stiffness (Khip), knee joint stiffness (Kknee), and ankle joint stiffness (Kankle) were 

expressed by plotting the slope of the linear regression of sagittal plane values of 

flexion/extension moment versus flexion/extension angle over stance phase [22]. 

Joint stiffness was determined as the slope of the best fit line during single leg support 

between foot flat (FF) to heel lift (HL). Hip, knee, and ankle joint stiffness were 

quantified as previously described during the single leg support (Figure 1a, 1b, 1c), of 

the stance phase [7, 22, 39, 40]. Linear regression curves were fitted to the data by 

plotting joint angle against moment during single support phase for hip, knee, and 

ankle (Figure 1). 



 

Figure 1.  Representative joint angle versus joint moment plot in the sagittal plane. The joint stiffness 

was calculated as the slope of the linear regression line from peak joint moment to peak joint angle or 

peak joint moment (whichever occurred first) during the single leg support phase (SS), (a) hip, (b) knee, 

and (c) ankle.  

 

Joint stiffness was calculated as the change in joint moment (∆M) divided by the 

change in joint angle (∆Ѳ) during stance phase, equation (4). 

𝐾𝑗𝑜𝑖𝑛𝑡 =
∆𝑀

∆𝜃
                                     (4) 

where ∆M = change in joint moment; ∆Ө= change in joint angle [2, 7, 25].  

2.5. Statistical analysis 

The normality of the data were analyzed using Shapiro-Wilk tests and all data were 

found to be suitable for parametric analysis. Descriptive statistics were reported as 

means and standard deviations. Repeated Measures Analysis of Variance (ANOVA) 

with Sidak post hoc tests were used to compare the mean of each variable during 

stance phase for each subject between the three walking speeds. In addition, Pearson 

product-moment correlations were used to determine the relationship between 

walking speeds, leg stiffness, and joint stiffness. All statistical analysis were performed 

using IBM SPSS software Statistics v21.  

3. Results 

3.1.  Walking Characteristics at Self-Selected Different Walking Speeds 

Table 1 summarizes the comparison between the walking characteristics at the self-

selected walking speeds; slow, normal, and fast. Means and standard deviations of 

speed, cycle time, stance time, step length, step time, stride length, swing time, and 



stride width are shown in table 1. Significant differences were found between speeds 

in all characteristics (p<0.001) with the exception of stride width (p<0.680) (Table 1).  

Table 1. Walking Characteristics 

Walking 
Characteristics 

unit 

Slow (n=27) Normal (n=27) Fast (n=27) 
ANOVA 
P-Value Mean 

Std. 
Deviation 

Mean 
Std. 

Deviation 
Mean 

Std. 
Deviation 

Speed m/s 0.939 0.059 1.120 0.084 1.412 0.102 <0.001 

Cycle Time s 1.269 0.072 1.105 0.067 0.925 0.058 <0.001 

Stance Time s 0.779 0.059 0.667 0.051 0.550 0.043 <0.001 

Step Length m 0.591 0.024 0.616 0.032 0.659 0.039 <0.001 

Step Time s 0.634 0.038 0.548 0.035 0.460 0.028 <0.001 

Stride Length m 1.184 0.039 1.234 0.052 1.310 0.061 <0.001 

Swing Time s 0.490 0.020 0.437 0.023 0.375 0.022 <0.001 

Stride Width m 0.127 0.023 0.132 0.023 0.126 0.029 =0.680 

3.2. Leg stiffness and factors associated with leg stiffness at different walking 

speeds 

The Repeated Measures ANOVA showed a significant main effect for speed for GRF, 

Ө, ∆L, and kleg (p<0.001(. Further post hoc tests showed significant increases between; 

slow and normal speed for GRF and Ө (p<0.01), ∆L (p<0.001), normal and fast for GRF 

and  ∆L (p<0.001), and Ө (p<0.01), and between slow and fast for GRF, Ө and ∆L 

(p<0.001). Significant decreases were seen between;  slow and normal speed for kleg 

(p<0.001), and slow and fast (p<0.05), however no significant difference was seen 

between normal and fast walking for kleg. In addition, a significant negative correlation 

was found between walking speed and kleg (r=-0.262, p<0.05) (Figure 2). 



 

Figure 2. Graphical representations of the ensemble means and standard deviation for GRF for each 

walking speed (a), box-and-whisker plots for the GRFpeak (b), leg sweep angle arc (c), vertical leg length 

during stance phase (d), leg stiffness Kleg (e), and correlation between walking speed and Kleg (f). 

Significant differences for the Post hoc tests between walking speeds (***) indicates a significance level 

of P˂0.001 and (**) indicates a significance level of P˂0.01.  

 

3.3. Joint stiffness and factors associated with joint stiffness at different walking 

speeds 

3.3.1. Hip joint 

The Repeated Measures ANOVA showed a significant main effect for speed for; hip 

joint angular displacement, change in hip moment and Khip (p<0.001). Post hoc tests 

showed increases between; slow and normal, normal and fast, and slow and fast 

walking speeds for hip joint angular displacement, change in hip moment and Khip 

(p<0.001). In addition, a significant positive correlation was found between walking 

speed and Khip (r=0.665, p<0.001) (Figure 3). 



 

Figure 3. Graphical representations of the ensemble means and standard deviation for hip angle (a) 

and hip moment (b). Box-and-whisker plots are presented for hip angle during stance phase (c) hip 

moment (d), hip joint stiffness (e), and the correlation between walking speed and Khip (f). Significant 

differences for the Post hoc tests between walking speeds (***) indicates a significance level of P˂0.001.  

 

3.3.2. Knee joint 

The Repeated Measures ANOVA showed a significant main effect for speed for; 

change in knee moment and knee angular displacement (p<0.001, p<0.001), 

respectively. Further post hoc tests showed increases between all speeds for change 

in knee moment and angle (p<0.001). However, no significant difference was seen for 

kknee and no correlation was found between walking speed and Kknee (r=0.0276, 

p=0.807), (Figure 4). 



 

Figure 4. Graphical representations of the ensemble means and standard deviation for knee angle (a) 

and knee moment (b). Box-and-whisker plots are presented for knee angle during stance phase (c) knee 

moment (d), and knee stiffness Kknee (e), correlation between walking speed and Kknee (f). Significant 

differences for the Post hoc tests between walking speeds (***) indicates a significance level of P˂0.001 

and (**) indicates a significance level of P˂0.01.  

 

3.3.3. Ankle joint  

The Repeated Measures ANOVA showed a significant main effect for speed for change 

in ankle moment, ankle angular displacement and Kankle (p<0.001, p<0.05, p<0.001), 

respectively. Post hoc tests showed increases between slow and normal, normal and 

fast, and slow and fast walking speeds for change in ankle moment, between slow and 

normal, and normal and fast walking speeds for ankle angular displacement (p<0.05), 

and between slow and fast, and normal and fast walking speeds for kankle (p<0.001). 

However, no significant differences were seen between slow and fast, and slow and 

normal walking speeds for ankle angular displacement and Kankle, respectively. In 

addition, a significant positive correlation was found between walking speed and Kankle 

(r=0.558, p<0.001) (Figure 5). 



 

Figure 5. Graphical representations of the ensemble means and standard deviation for ankle angle (a) 

and ankle moment (b). Box-and-whisker plots are presented for ankle angle during stance phase (c) 

ankle moment (d), ankle stiffness Kankle (e), and correlation between walking speed and Kankle (f). 

Significant differences for the Post hoc tests between walking speeds (***) indicates a significance level 

of P˂0.001, (**) indicates a significance level of P˂0.01, and (*) indicates a significance level of P˂0.05. 

 

3.4. Relationship between leg stiffness and joint stiffness 

The correlations between leg stiffness and hip, knee, and ankle joint stiffness were 

investigated. A significant positive correlation was found between Khip and Kankle 

(r=0.312; p<0.01), and Kknee and Kankle (r=0.396; p<0.001). However, no correlations 

were found between Khip and Kknee (r=0.139; p =0.216), Kleg and Khip (r=0.175; p =0.119), 

Kleg and Kknee (r=0.049; p =0.667), and Kleg and Kankle (r=0.208; p =0.063). 

 

4. Discussion 

The purpose of the present study was to examine the differences in leg 

stiffness and joint stiffness during different walking speeds (slow, normal, and fast), 

and to investigate the relationship between walking speed and leg stiffness, walking 

speed and joint stiffness, and between leg and joint stiffness. Hip and ankle stiffness 

were quantified during single leg support of stance phase (Figure 1a, 1c) [22, 33, 34]. 



Knee joint stiffness has been previously described during the weight acceptance phase 

of gait, which was defined by shortly after initial contact (0–12% of the gait cycle) 

through the loading response phase of gait during which the impact of the ground 

reaction forces are absorbed [41, 42]. Nevertheless, we found a second knee joint 

stiffness slope fitted also during the single support phase  (Figure 1b), Wang, Huang, 

Li, Hong, Lo and Lu [7] observed a high value of knee stiffness during mid-stance of 

healthy subjects (corresponding to the second rocker), and Frigo, Crenna and Jensen 

[43] indicated that the quasi-constant slope periods are detectable during single leg 

support during stance phase of gait.  This current study provides important 

information and offers a greater understanding about the differences between leg 

stiffness, joint stiffness, and their relationship with walking speed. These findings show 

that there are significant differences between walking speeds for slow (0.94±0.06 

m/s), normal (1.12±0.08 m/s), and fast (1.41±0.10 m/s) respectively (Table 1), which 

were in agreement with previous studies by Fox and Delp [44] who reported average 

walking speeds of 0.75 m/s for slow, 1.15 m/s for normal, and 1.56 m/s for fast, and 

0.85 m/s for slow, 1.18 m/s for normal, and 1.43 m/s for fast reported by Khan, Khan 

and Usman [45]. However,  this study also highlights the changes in components used 

to calculate leg stiffness with walking speed illustrating an increase in the peak GRF, Ө 

and ∆L among the different speeds [37, 38], with the increase in ∆L being 

proportionally greater than the increase in peak GRF between the walking speeds. 

With the percentage increase in ∆L between walking speeds, being 7.26% between 

slow and normal, 10.08% between normal and fast, and 16.62% between slow and 

fast. Whereas the associated percentage increases for peak GRF between walking 

speeds were, 2.59% between slow and normal speed, 9.86% between normal and fast, 

and 12.19% between slow and fast. This is in agreement with Brughelli and Cronin [34] 

who indicated that the increase in the slope of the GRF and ∆L curve indicates an 

increase in stiffness, so the leg stiffness from the current study was decreased due to 

the increase in  ∆L being greater than that of the GRF.  This resulted in a significant 

decrease in leg stiffness with an increase in walking speed between slow and normal 

(p<0.001), slow and fast (p<0.05), and no difference between normal and fast walking 

speed, which was supported by a negative correlation between leg stiffness and 

walking speed. 



The hip and ankle joint stiffness showed a positive significant increase with walking 

speed, with the hip stiffness showing significant differences between all three speeds, 

and an associated high positive correlation with speed. Similarly, the ankle stiffness 

showed differences between slow and fast and between normal and fast speeds with 

a significant positive correlation with speed. An unexpected result in the current study 

was seen for knee stiffness, which indicated no differences between all speeds with 

no correlation with speed. This result may be due to a low dynamic moment with 

respect to the knee angular displacement during the selected phase (SS). The nature 

of this relationship is associated with a smaller knee angular displacement and greater 

knee extensor moment producing a greater walking knee stiffness [26, 42], this 

interpretation is in agreement with Shamaei, Sawicki and Dollar [46] who found that 

the knee stiffness increased during knee flexion phase, but then decreased during 

knee extension in the weight acceptance phase. 

The findings from the hip stiffness are in agreement with previous studies [43, 

47], and depend on the relationship between hip moment versus the hip angle during 

walking. The significant positive correlation for ankle stiffness was in agreement with 

previously reported findings [25], in addition the difference in response to the hip and 

knee stiffness appears to not be associated with a greater stiffness adaptability which 

is also in agreement with previous studies [43, 48]. The differences in decrease leg 

stiffness between walking speeds with the increase in hip and ankle stiffness, indicates 

a coordination of the lower limb joint stiffness to provide changes in control during 

walking at different speeds [49]. To the authors’ knowledge this is the first study that 

examined the leg and lower limb joints stiffness concurrently, as well as the 

exploration of the relationships between the components of the calculations of 

stiffness with respect to walking speed [25]. However, the question remains whether 

this difference in response is associated with passive versus active joint stiffness and 

its association with motor control.  Therefore, future work should further examine the 

relationship between joint and leg stiffness, and muscle activity to explore this 

phenomenon in terms of passive versus active joint stiffness. 

 

5. Conclusion 



Leg stiffness is decreased by walking speed, however hip and ankle joint 

stiffness were increased. Leg stiffness showed no relationship with hip, knee, and 

ankle stiffness. However, positive relationships were seen between hip and ankle 

stiffness and between knee and ankle stiffness, indicating that the knee may be acting 

independently to modify leg stiffness. These findings help highlight differences in 

response in lower limb stiffness and lower limb joint and suggest that leg stiffness is 

not associated with lower limb joint stiffness during eccentric loading. This provides 

new information on the responses of ankle, knee and hip joint stiffness to walking 

speed. 

 

References 

[1] M. Günther, R. Blickhan, Joint stiffness of the ankle and the knee in running, Journal of 
Biomechanics 35(11) (2002) 1459-1474. 
http://www.sciencedirect.com/science/article/pii/S0021929002001835. 
[2] F. Mager, J. Richards, M. Hennies, E. Dotzel, A. Chohan, A. Mbuli, et al., Determination of 
Ankle and Metatarsophalangeal Stiffness During Walking and Jogging, Journal of applied 
biomechanics  (2018) 1-6. https://www.ncbi.nlm.nih.gov/pubmed/29809093. 
[3] S.H. Hyun, C.C. Ryew, Relationship between Dimensionless Leg Stiffness and Kinetic 
Variables during Gait Performance, and its Modulation with Body Weight, Korean Journal of 
Sport Biomechanics 26(3) (2016) 249-255. 
[4] H. Hobara, K. Inoue, T. Muraoka, K. Omuro, M. Sakamoto, K. Kanosue, Leg stiffness 
adjustment for a range of hopping frequencies in humans, J Biomech 43(3) (2010) 506-11. 
https://www.ncbi.nlm.nih.gov/pubmed/19879582. 
[5] T.A. McMahon, G.C. Cheng, The mechanics of running: how does stiffness couple with 
speed?, J Biomech 23 (1990) 65-78. 
[6] Q.S. Yang, J.W. Qin, S.S. Law, A three-dimensional human walking model, Journal of Sound 
and Vibration 357 (2015) 437-456. 
[7] T.M. Wang, H.P. Huang, J.D. Li, S.W. Hong, W.C. Lo, T.W. Lu, Leg and Joint Stiffness in 
Children with Spastic Diplegic Cerebral Palsy during Level Walking, PloS one 10(12) (2015) 
e0143967. https://www.ncbi.nlm.nih.gov/pubmed/26629700. 
[8] L.A. Kelly, G. Lichtwark, A.G. Cresswell, Active regulation of longitudinal arch compression 
and recoil during walking and running, Journal of the Royal Society, Interface / the Royal 
Society 12(102) (2015) 20141076. https://www.ncbi.nlm.nih.gov/pubmed/25551151. 
[9] E.J. Rouse, R.D. Gregg, L.J. Hargrove, J.W. Sensinger, The difference between stiffness and 
quasi-stiffness in the context of biomechanical modeling, IEEE transactions on bio-medical 
engineering 60(2) (2013) 562-8. https://www.ncbi.nlm.nih.gov/pubmed/23212310. 
[10] A. Silder, B. Heiderscheit, D.G. Thelen, Active and passive contributions to joint kinetics 
during walking in older adults, J Biomech 41(7) (2008) 1520-7. 
https://www.ncbi.nlm.nih.gov/pubmed/18420214. 
[11] A. Silder, B. Whittington, B. Heiderscheit, D.G. Thelen, Identification of passive elastic joint 
moment-angle relationships in the lower extremity, J Biomech 40(12) (2007) 2628-35. 
https://www.ncbi.nlm.nih.gov/pubmed/17359981. 

http://www.sciencedirect.com/science/article/pii/S0021929002001835
https://www.ncbi.nlm.nih.gov/pubmed/29809093
https://www.ncbi.nlm.nih.gov/pubmed/19879582
https://www.ncbi.nlm.nih.gov/pubmed/26629700
https://www.ncbi.nlm.nih.gov/pubmed/25551151
https://www.ncbi.nlm.nih.gov/pubmed/23212310
https://www.ncbi.nlm.nih.gov/pubmed/18420214
https://www.ncbi.nlm.nih.gov/pubmed/17359981


[12] K.L. de Gooijer-van de Groep, E. de Vlugt, H.J. van der Krogt, A. Helgadottir, J.H. Arendzen, 
C.G. Meskers, et al., Estimation of tissue stiffness, reflex activity, optimal muscle length and 
slack length in stroke patients using an electromyography driven antagonistic wrist model, 
Clinical biomechanics 35 (2016) 93-101. https://www.ncbi.nlm.nih.gov/pubmed/27149565. 
[13] T.J. Herda, N.D. Herda, P.B. Costa, A.A. Walter-Herda, A.M. Valdez, J.T. Cramer, The 
effects of dynamic stretching on the passive properties of the muscle-tendon unit, Journal of 
sports sciences 31(5) (2013) 479-87. https://www.ncbi.nlm.nih.gov/pubmed/23113555. 
[14] J. Zhang, S.H. Collins, The Passive Series Stiffness That Optimizes Torque Tracking for a 
Lower-Limb Exoskeleton in Human Walking, Frontiers in neurorobotics 11 (2017) 68. 
https://www.ncbi.nlm.nih.gov/pubmed/29326580. 
[15] P. Aleixo, J. Vaz-Patto, H. Moreira, J. Abrantes, Dynamic joint stiffness of the ankle in 
healthy and rheumatoid arthritis post-menopausal women, Gait & posture 60 (2018) 225-234. 
https://www.ncbi.nlm.nih.gov/pubmed/29281812. 
[16] Y. Sekiguchi, T. Muraki, Y. Kuramatsu, Y. Furusawa, S. Izumi, The contribution of quasi-
joint stiffness of the ankle joint to gait in patients with hemiparesis, Clinical biomechanics 
27(5) (2012) 495-9. https://www.ncbi.nlm.nih.gov/pubmed/22226075. 
[17] K. Shamaei, G.S. Sawicki, A.M. Dollar, Estimation of quasi-stiffness and propulsive work 
of the human ankle in the stance phase of walking, PloS one 8(3) (2013) e59935. 
https://www.ncbi.nlm.nih.gov/pubmed/23555839. 
[18] S.D. Lark, J.G. Buckley, S. Bennett, D. Jones, A.J. Sargeant, Joint torques and dynamic joint 
stiffness in elderly and young men during stepping down, Clinical biomechanics 18(9) (2003) 
848-55. https://www.ncbi.nlm.nih.gov/pubmed/14527812. 
[19] A.I.A. Ahmed, H. Cheng, Z. Liangwei, M. Omer, X. Lin, On-line Walking Speed Control in 
Human-Powered Exoskeleton Systems Based on Dual Reaction Force Sensors, Journal of 
Intelligent & Robotic Systems 87(1) (2017) 59-80. 
[20] H.S. Longpre, J.R. Potvin, M.R. Maly, Biomechanical changes at the knee after lower limb 
fatigue in healthy young women, Clinical biomechanics 28(4) (2013) 441-7. 
https://www.ncbi.nlm.nih.gov/pubmed/23528628. 
[21] E. Sanchis-Sales, J.L. Sancho-Bru, A. Roda-Sales, J. Pascual-Huerta, Dynamic Flexion 
Stiffness of Foot Joints During Walking, J Am Podiatr Med Assoc 106(1) (2016) 37-46. 
https://www.ncbi.nlm.nih.gov/pubmed/26895359. 
[22] H. Houdijk, H.C. Doets, M. van Middelkoop, H.E. Dirkjan Veeger, Joint stiffness of the ankle 
during walking after successful mobile-bearing total ankle replacement, Gait & posture 27(1) 
(2008) 115-9. https://www.ncbi.nlm.nih.gov/pubmed/17462899. 
[23] R.C. Gabriel, J. Abrantes, K. Granata, J. Bulas-Cruz, P. Melo-Pinto, V. Filipe, Dynamic joint 
stiffness of the ankle during walking: gender-related differences, Physical therapy in sport : 
official journal of the Association of Chartered Physiotherapists in Sports Medicine 9(1) (2008) 
16-24. https://www.ncbi.nlm.nih.gov/pubmed/19083700. 
[24] E.J. Goldberg, R.R. Neptune, Compensatory strategies during normal walking in response 
to muscle weakness and increased hip joint stiffness, Gait & posture 25(3) (2007) 360-7. 
https://www.ncbi.nlm.nih.gov/pubmed/16720095. 
[25] L. Jin, M.E. Hahn, Modulation of lower extremity joint stiffness, work and power at 
different walking and running speeds, Human movement science 58 (2018) 1-9. 
https://www.ncbi.nlm.nih.gov/pubmed/29331489. 
[26] K.G. Holt, R.C. Wagenaar, M.E. LaFiandra, M. Kubo, J.P. Obusek, Increased 
musculoskeletal stiffness during load carriage at increasing walking speeds maintains constant 
vertical excursion of the body center of mass, J Biomech 36(4) (2003) 465-471. 
[27] S. Kim, S. Park, Leg stiffness increases with speed to modulate gait frequency and 
propulsion energy, J Biomech 44(7) (2011) 1253-8. 
https://www.ncbi.nlm.nih.gov/pubmed/21396646. 

https://www.ncbi.nlm.nih.gov/pubmed/27149565
https://www.ncbi.nlm.nih.gov/pubmed/23113555
https://www.ncbi.nlm.nih.gov/pubmed/29326580
https://www.ncbi.nlm.nih.gov/pubmed/29281812
https://www.ncbi.nlm.nih.gov/pubmed/22226075
https://www.ncbi.nlm.nih.gov/pubmed/23555839
https://www.ncbi.nlm.nih.gov/pubmed/14527812
https://www.ncbi.nlm.nih.gov/pubmed/23528628
https://www.ncbi.nlm.nih.gov/pubmed/26895359
https://www.ncbi.nlm.nih.gov/pubmed/17462899
https://www.ncbi.nlm.nih.gov/pubmed/19083700
https://www.ncbi.nlm.nih.gov/pubmed/16720095
https://www.ncbi.nlm.nih.gov/pubmed/29331489
https://www.ncbi.nlm.nih.gov/pubmed/21396646


[28] B.G. Serpell, J.M. Scarvell, N.B. Ball, P.N. Smith, Vertical stiffness and muscle strain in 
professional Australian football, Journal of sports sciences 32(20) (2014) 1924-1930. 
https://www.ncbi.nlm.nih.gov/pubmed/25058314. 
[29] K. Hebert-Losier, A. Eriksson, Leg stiffness measures depend on computational method, J 
Biomech 47(1) (2014) 115-21. https://www.ncbi.nlm.nih.gov/pubmed/24188972. 
[30] S. Kim, S. Park, Leg stiffness increases with gait speed to maximize propulsion energy 
during push-off, The 35th Annual Meeting of the American Society of Biomechanics, The 
American Society of Biomechanics, Long Beach, CA, 2011. 
[31] J.B. Morin, G. Dalleau, H. Kyrolainen, T. Jeannin, A. Belli, A simple method for measuring 
stiffness during running, Journal of applied biomechanics 21(2) (2005) 167-80. 
https://www.ncbi.nlm.nih.gov/pubmed/16082017. 
[32] G.A. Cavagna, N.C. Heglund, P.A. Willems, Effect of an increase in gravity on the power 
output and the rebound of the body in human running, J Exp Biol 208(Pt 12) (2005) 2333-46. 
https://www.ncbi.nlm.nih.gov/pubmed/15939774. 
[33] J. He, R. Kram, T.A. McMahon, Mechanics of running under simulated low gravity, Journal 
of Applied Physiology 71(3) (1991) 863-870. 
[34] M. Brughelli, J. Cronin, Influence of running velocity on vertical, leg and joint stiffness : 
modelling and recommendations for future research, Sports medicine 38(8) (2008) 647-57. 
https://www.ncbi.nlm.nih.gov/pubmed/18620465. 
[35] S. Kuitunen, P.V. Komi, H. Kyrolainen, Knee and ankle joint stiffness in sprint running, Med 
Sci Sports Exerc 34(1) (2002) 166-73. https://www.ncbi.nlm.nih.gov/pubmed/11782663. 
[36] F. Horst, A. Eekhoff, K.M. Newell, W.I. Schollhorn, Intra-individual gait patterns across 
different time-scales as revealed by means of a supervised learning model using kernel-based 
discriminant regression, PloS one 12(6) (2017) e0179738. 
http://www.ncbi.nlm.nih.gov/pubmed/28617842. 
[37] C.T. Farley, D.C. Morgenroth, Leg stiffness primarily depends on ankle stiffness during 
human hopping, J Biomech 32(3) (1999) 267-73. 
http://www.ncbi.nlm.nih.gov/pubmed/10093026. 
[38] C.T. Farley, O. González, Leg stiffness and stride frequency in human running, Journal of 
biomechanics 29(2) (1996) 181-6. 
[39] J.A. Gustafson, W. Anderton, G.A. Sowa, S.R. Piva, S. Farrokhi, Dynamic knee joint stiffness 
and contralateral knee joint loading during prolonged walking in patients with unilateral knee 
osteoarthritis, Gait & posture 68 (2019) 44-49. 
https://www.ncbi.nlm.nih.gov/pubmed/30453143. 
[40] M. Galli, C. Rigoldi, R. Brunner, N. Virji-Babul, A. Giorgio, Joint stiffness and gait pattern 
evaluation in children with Down syndrome, Gait & posture 28(3) (2008) 502-6. 
https://www.ncbi.nlm.nih.gov/pubmed/18455922. 
[41] J.A. Gustafson, S. Gorman, G.K. Fitzgerald, S. Farrokhi, Alterations in walking knee joint 
stiffness in individuals with knee osteoarthritis and self-reported knee instability, Gait & 
posture  (2015). http://www.ncbi.nlm.nih.gov/pubmed/26481256. 
[42] S.J. Dixon, R.S. Hinman, M.W. Creaby, G. Kemp, K.M. Crossley, Knee joint stiffness during 
walking in knee osteoarthritis, Arthritis care & research 62(1) (2010) 38-44. 
http://www.ncbi.nlm.nih.gov/pubmed/20191489. 
[43] C. Frigo, P. Crenna, L. Jensen, Moment-angle relationship at lower limb joints during 
human walking at different velocities, Journal of Electromyography and Kinesiology 6(3) 
(1996) 177-190. 
[44] M.D. Fox, S.L. Delp, Contributions of muscles and passive dynamics to swing initiation 
over a range of walking speeds, J Biomech 43(8) (2010) 1450-5. 
https://www.ncbi.nlm.nih.gov/pubmed/20236644. 

https://www.ncbi.nlm.nih.gov/pubmed/25058314
https://www.ncbi.nlm.nih.gov/pubmed/24188972
https://www.ncbi.nlm.nih.gov/pubmed/16082017
https://www.ncbi.nlm.nih.gov/pubmed/15939774
https://www.ncbi.nlm.nih.gov/pubmed/18620465
https://www.ncbi.nlm.nih.gov/pubmed/11782663
http://www.ncbi.nlm.nih.gov/pubmed/28617842
http://www.ncbi.nlm.nih.gov/pubmed/10093026
https://www.ncbi.nlm.nih.gov/pubmed/30453143
https://www.ncbi.nlm.nih.gov/pubmed/18455922
http://www.ncbi.nlm.nih.gov/pubmed/26481256
http://www.ncbi.nlm.nih.gov/pubmed/20191489
https://www.ncbi.nlm.nih.gov/pubmed/20236644


[45] S.S. Khan, S.J. Khan, J. Usman, Effects of toe-out and toe-in gait with varying walking 
speeds on knee joint mechanics and lower limb energetics, Gait & posture 53 (2017) 185-192. 
https://www.ncbi.nlm.nih.gov/pubmed/28189095. 
[46] K. Shamaei, G.S. Sawicki, A.M. Dollar, Estimation of quasi-stiffness of the human knee in 
the stance phase of walking, PloS one 8(3) (2013) e59993. 
http://www.ncbi.nlm.nih.gov/pubmed/23533662. 
[47] Y. Huang, Q. Wang, Torque-Stiffness-Controlled Dynamic Walking: Analysis of the 
Behaviors of Bipeds with Both Adaptable Joint Torque and Joint Stiffness, IEEE Robotics & 
Automation Magazine 23(1) (2016) 71-82. 
[48] R.R. Neptune, S.A. Kautza, F.E. Zajac, Contributions of the individual ankle plantar flexors 
to support, forward progression and swing initiation during walking, J Biomech 34 (2011) 
1387–1398. 
[49] J.C. Dean, A.D. Kuo, Elastic coupling of limb joints enables faster bipedal walking, Journal 
of the Royal Society, Interface / the Royal Society 6(35) (2009) 561-73. 
https://www.ncbi.nlm.nih.gov/pubmed/18957360. 

 

https://www.ncbi.nlm.nih.gov/pubmed/28189095
http://www.ncbi.nlm.nih.gov/pubmed/23533662
https://www.ncbi.nlm.nih.gov/pubmed/18957360

