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Abstract 15 

Humans perform mechanical work during walking, some by leg joints actuated by muscles, and some 16 

by passive, dissipative soft tissues. Dissipative losses must be restored by active muscle work, 17 

potentially in amounts sufficient to cost substantial metabolic energy. The most dissipative, and 18 

therefore costly, walking conditions might be predictable from the pendulum-like dynamics of the legs. 19 

If pendulum behavior is systematic, it may also predict the work distribution between active joints and 20 

passive soft tissues. We therefore tested whether the overall negative work of walking, and the fraction 21 

due to soft tissue dissipation, are both predictable by a pendulum model across a wide range of 22 

conditions. The model predicts whole-body negative work from the leading leg’s impact with ground 23 

(termed the Collision), to increase with the squared product of walking speed and step length. We 24 

experimentally tested this in humans (N = 9) walking in 26 different combinations of speed (0.7 – 2.0 25 

m·s-1) and step length (0.5 – 1.1 m), with recorded motions and ground reaction forces. Whole-body 26 

negative Collision work increased as predicted (R2 = 0.73), with a consistent fraction of about 63% (R2 27 

= 0.88) due to soft tissues. Soft tissue dissipation consistently accounted for about 56% of the variation 28 

in total whole-body negative work. During typical walking, active work to restore dissipative losses could 29 

account for 31% of the net metabolic cost. Soft tissue dissipation, not included in most biomechanical 30 

studies, explains most of the variation in negative work of walking, and could account for a substantial 31 

fraction of the metabolic cost.   32 
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Introduction 33 

Human walking costs metabolic energy in part because the muscles perform positive work to counter 34 

the negative work within each stride. There is currently no mechanistic prediction for how much work is 35 

performed, except that the positive and negative work of a steady stride cancel each other, so that the 36 

negative work could be considered predictive of the positive work. Some of the negative work occurs 37 

actively when muscles act eccentrically to lengthen under load, and some occurs as passive dissipation 38 

from soft tissue deformations (Fig. 1A). Passive dissipation may account for 31% of the negative work 39 

of typical walking (Zelik & Kuo, 2010), but its distribution relative to active negative work is not known 40 

for more general walking conditions. However, walking patterns have been observed to scale quite 41 

consistently across a wide range of gait parameters (Grieve, 1968), and total negative work to be 42 

predictable (Adamczyk & Kuo, 2009). This suggests that the amount of passive dissipation and active 43 

negative work may be predictable across gait conditions. Such predictability could provide insight on 44 

when muscles must actively perform positive work and thus consume metabolic energy.  45 

 46 

One of the critical events of walking is the impact of the leg with ground after the swing phase. After 47 

heel strike, the leading leg performs negative work (during a phase termed Collision) as the body center 48 

of mass (COM) velocity is redirected from a forward-and-downward direction from the previous stance 49 

phase, to a forward-and-upward direction at the beginning of the next (Adamczyk & Kuo, 2009; Kuo et 50 

al., 2005). For typical walking at 1.25 m ⋅ s−1, about 12.5 J of negative work is done during Collision 51 

within the first 15% of the stride, with contributions from active muscle-tendons and passive soft tissues 52 

(about 40% and 60%, respectively; Zelik & Kuo, 2010). The soft tissues responsible for the dissipation 53 

are thought to include the foot and shoe (Honert & Zelik, 2019), particularly the heel pad (about 3.8 J; 54 

Baines et al., 2018), as well as the shank (Pain & Challis, 2001). Some passive dissipation may also 55 

occur with loading of articular cartilage (Hayes & Mockros, 1971) and intervertebral discs (Virgin, 1951), and 56 

from inertial loading of wobbling mass, for example muscle (Schmitt & Günther, 2011) and viscera (Minetti & 57 

Belli, 1994). Soft tissue dissipation appears to vary consistently with overall collision work, for example in 58 

obese and non-obese adults (Fu et al., 2015), and even for landing from a jump (Zelik & Kuo, 2012). 59 

The overall Collision work accounts for most of the negative (and thereby positive) work of a stride 60 

(Zelik & Kuo, 2010), but it is unknown how it varies with gait conditions, and particularly how much of 61 

it is due to soft tissue dissipation. 62 

 63 

The remainder of the stride appears to be systematically related to Collision. Following Collision negative 64 

work are alternating phases of positive and negative work by the whole body. The work done during 65 

these phases (termed Rebound, Pre-load, and Push-off during stance (Donelan et al., 2002; Zelik & 66 

Kuo, 2010) increases in proportion to Collision during walking at preferred step length (Zelik & Kuo, 67 

2010). These alternating phases resemble the oscillation of a purely elastic spring for each leg (Geyer 68 

et al., 2006), excited by ground contact. In reality, that action is performed not by springs, but by a 69 

combination of active muscle-tendons and passive soft tissues. The oscillatory behavior suggests that 70 

muscles are actively controlled as a function of dynamical state, so that the entire body acts like a 71 
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consistent dynamical system. The negative work of an entire stride might therefore vary systematically 72 

with the magnitude of Collision work, and across a variety of gait conditions. 73 

 74 

The amount of Collision work, and by extension of the entire stride, may actually be predictable (Fig. 75 

1D). A simple dynamic walking model predicts how work must be performed on the body center of mass 76 

(COM) to redirect its velocity between pendulum-like stance phases (Kuo, 2001), forward-and-77 

downward at the end of one arc, to forward-and-upward at the beginning of the next. This is achieved 78 

by negative Collision work with the leading leg, and positive push-off work from the trailing leg. The 79 

Collision work varies with gait parameters such as walking speed, step length, and step frequency 80 

(Adamczyk & Kuo, 2009), as predicted by the simple model (Kuo, 2001). The work of the other phases 81 

may vary in proportion to the Collision work, if part of a dynamical system. Similarly, the active and 82 

passive work may also vary in proportion to the Collision work. The soft tissue dissipation during Collision 83 

and the total negative work over a full stride might therefore be proportional to predictions from the 84 

simple walking model.  85 

 86 

The purpose of the present study was to test whether the negative work of walking is systematically 87 

distributed between active and passive contributions, and across the entire stride. The starting point for 88 

this inquiry is the whole-body Collision work, as previously modeled and characterized across gait 89 

parameters such as step length and step frequency (Adamczyk & Kuo, 2009). For active vs. passive 90 

contributions, we hypothesized that (passive) soft tissue dissipation during Collision would remain a 91 

consistent fraction of the whole-body Collision work predicted by model. And for the entire stride, we 92 

hypothesized that whole-body Collision work would remain a consistent fraction of the negative work 93 

over a full stride. We tested these predictions with a human walking experiment, in which whole-body 94 

and soft tissue work were estimated for 26 different combinations of gait parameters, including a range 95 

of walking speeds while constraining step length and/or step frequency. The results may indicate 96 

whether simple pendulum-like walking models can predict both the amount and distribution of negative 97 

work in humans. 98 

 99 

  100 
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Methods 101 

We used a simple walking model to predict the Collision work during walking, and tested whether it was 102 

predictive of soft tissue dissipation during Collision, as well as to overall negative work for the full stride. 103 

We tested predictions against experimental data on human subjects walking across a wide range of 104 

combinations of walking speed and step length. The testing data included rigid body mechanical work 105 

rate from inverse dynamics (see Fig. 1B), as well as whole-body and soft tissue mechanical work rates 106 

from a previously-reported procedure based on COM work and motion capture (Zelik & Kuo, 2010, 2012). We 107 

next present the model predictions, followed by the experimental tests. 108 

 109 

Model Predictions 110 

Predictions for negative Collision work 𝑊collision were produced from a simple walking model (Kuo, 2001; 111 

Adamczyk & Kuo, 2009), see Fig. 1C. The stance leg is treated as a simple inverted pendulum with length 𝐿 112 

and body mass M concentrated at the pelvis, and the swing leg as a simple pendulum with length 𝐿 and 113 

infinitesimal mass foot. When the swing leg hits the ground, a Collision impulse �̂�collision does negative 114 

Collision work 𝑊collision on the COM,  115 

 𝑊collision ∝
1

2
𝑀 ⋅ (𝑣COM

− )2 ∙ tan2 𝛿𝑣   (1) 116 

where 𝑀 is body mass, 𝑣COM
−  pre-impact COM speed, and 𝛿𝑣 the COM velocity directional change (Fig. 117 

1C). The Collision work 𝑊collision in humans is hypothesized to increase similar to the simple model’s, 118 

with an empirical proportionality due to unmodeled effects such as imperfectly rigid legs, distributed 119 

body mass, and a finite-length (as opposed to point) foot (Adamczyk et al., 2006). The Collision work 120 

may thus be regarded as a function of impact speed 𝑣COM
−  and COM velocity directional change 𝛿𝑣 (Fig. 121 

1D). 122 

 123 
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 124 

  125 

 

Fig. 1 : Soft tissues, rigid bodies and negative work predicted by simple walking model. A: Soft 
tissues such as viscera, muscle, cartilage and heel pad can dissipate energy by delivering force while deforming 
and/or displacing. B: Rigid bodies are traditionally used for estimating joint torques and work (rates), using 
an approach referred to as inverse dynamics. C: Simple walking model predicts negative Collision work 
𝑊collision at heel strike from center of mass (COM) velocity 𝑣COM. A portion of this negative work may be due to 

soft tissue dissipation. D: Predicted Collision work 𝑊collision increases with impact speed 𝑣COM
−  squared and the 

tangent of COM velocity directional change tan(𝛿𝑣) squared. 
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We hypothesize that the mechanical work of walking is distributed systematically between active joints 126 

and passive soft tissues, and across the time of a stride. Both soft tissues and joints (actuated by active 127 

muscles in series with tendons) contribute to total Collision work. If the distribution is systematic, the 128 

soft tissue negative work during Collision 𝑊soft,collision will be responsible for a consistent fraction of the 129 

Collision work Wcollision: 130 

 𝑊soft,collision ∝  𝑊collision (2) 131 

 132 

Systematic distribution also means work should be distributed proportionately within a stride. This 133 

means that total negative work over the entire stride 𝑊stride will change in proportion to the Collision 134 

work 𝑊collision: 135 

 𝑊stride ∝ 𝑊collision  (3)136 

  137 

These hypotheses lead to several expectations for human experiments. For Collision work 𝑊collision, we 138 

introduce an empirical coefficient 𝑐collision for the proportionality (Eq. 1) 139 

 𝑊collision = ccollision ⋅
1

2
𝑀 ⋅ (𝑣COM

− )2 ∙ tan2 𝛿𝑣 . (4) 140 

For soft tissue Collision work 𝑊soft,collision, its proportionality (Eq. 2) to total Collision work 𝑊collision results 141 

in the expectation 142 

 𝑊soft,collision = 𝑐soft  ∙
1

2
𝑀 ∙ (𝑣COM

− )2 ∙ tan2 𝛿𝑣 (5) 143 

with coefficient 𝑐soft. There may also be work within a full stride not related to Collision (Eq. 3). For 144 

example, the knee performs negative work to decelerate the swing leg, which has little effect on the 145 

COM. Such contributions are expected to have little or no dependency on the COM velocity, and are 146 

therefore lumped into a single constant offset 𝑑stride: 147 

 𝑊stride = 𝑐stride  ∙
1

2
𝑀 ∙ (𝑣COM

− )2 ∙ tan2 𝛿𝑣  +  𝑑stride (6) 148 

Altogether, we expect that soft tissues contribute to Collision work 𝑊collision, with a remainder explained 149 

by active joints. We expect that Collision work 𝑊collision contributes to full stride negative work 𝑊stride, 150 

with a remainder due to negative work during pre-load and swing phases. We therefore expect soft 151 

tissue Collision work 𝑊soft,collision to be smaller than Collision work 𝑊collision, which we expect to be smaller 152 

than full stride negative work 𝑊stride, such that 𝑐stride > 𝑐collision > 𝑐soft. We test for 𝑐stride, 𝑐collision and 𝑐soft 153 

using regression on experimental data. As this set of predictions depends entirely on velocity (i.e. 𝑣COM
−  154 

and 𝛿𝑣), we refer to it as velocity-based predictions.   155 

 156 

We also tested another set of gait-based predictions rather than velocity data. Gait parameters such as 157 

average speed �̅� and step length 𝑠 are usually more readily available than velocity data, and can also 158 
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serve as predictors. This requires an additional set of assumptions, that average speed �̅� and step length 159 

𝑠 are respectively proportional to impact speed 𝑣COM
−  and the tangent of COM velocity directional change 160 

tan 𝛿𝑣. With a small angle approximation, step length is proportional to the inter-leg angle 𝛼 (Fig. 1C), 161 

which should equal 𝛿𝑣, and with another small angle approximation, tan 𝛿𝑣. Thus, all gait-based 162 

predictions are 163 

 164 

 𝑊collision = 𝑐′collision  ∙
1

8
 

𝑀

𝐿2
∙ �̅�2 ∙ 𝑠2 (7) 165 

 𝑊soft,collision = 𝑐′soft,collision  ∙
1

8

𝑀

𝐿2
∙ �̅�2 ∙ 𝑠2 (8) 166 

 𝑊stride = 𝑐′stride  ∙
1

8

𝑀

𝐿2
∙ �̅�2 ∙ 𝑠2 +  𝑑′stride (9) 167 

where the prime symbol (′) refers to gait-based predictors. As with the original coefficients, we expect 168 

that 𝑐′stride > 𝑐′collision > 𝑐′soft, tested using regression on experimental data.   169 

 170 

Experimental Procedures 171 

Healthy adult subjects (𝑁 = 9, body mass 𝑀 73.5±15 kg, leg length 𝐿 0.93±0.06 m, age 23.5±2.5 172 

years, mean ± s.d.) walked on an instrumented treadmill at 26 different combinations of walking speed 173 

and step length. The combinations belonged to four experimental conditions: Preferred walking at 174 

varying walking speeds �̅�, Fixed frequency at varying step lengths 𝑠, Fixed step length at varying 175 

frequencies 𝑓, or Fixed average speed with inversely varying combinations of step length and step 176 

frequency (see Table 1). Step length 𝑠 and step frequency 𝑓 were varied relative to the preferred values 177 

𝑠∗ and 𝑓∗, determined from unconstrained walking at a nominal speed (𝑣∗ = 1.25 m/s). Walking speed �̅� 178 

and step frequency 𝑓 were manipulated by setting the treadmill belt speed and asking subjects to walk 179 

on the beat of an audio cue, respectively. Step length 𝑠 was manipulated through both walking speed 180 

and step frequency from their ratio 𝑠 =  �̅� 𝑓⁄ . The order of trials was randomized for each subject 181 

individually, who were earlier familiarized with each of the conditions during a 6-minute practice trial. 182 

Subjects provided their informed consent to participate in the experiment, which was approved by the 183 

Institutional Review Board of the University of Michigan, where the experiment was performed. 184 

 185 

We also used the gait-based coefficients 𝑐′stride, 𝑐′collision and 𝑐′soft to evaluate condition-specific 186 

predictions. For preferred and fixed step length walking, step length 𝑠 is expected to increase with �̅�0.42 187 

(Grieve, 1968) and �̅�0 respectively so that predicted dissipation increases with �̅�2.84 and �̅�2 respectively (see 188 

Fig. 2 and Table 1). For fixed step frequency and fixed speed walking, average speed �̅� increases with 189 

𝑠1 and 𝑠0 respectively so that predicted dissipation increases with 𝑠4 and 𝑠2 respectively.  190 

  191 
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Condition Variable parameter 
 

Constrained 
parameter 

Negative work 
prediction 

Preferred 
walking 

�̅�: 0.56𝑣∗, 0.72𝑣∗, 0.88𝑣∗, 
1.00𝑣∗, 1.12𝑣∗, 1.28𝑣∗, 1.44𝑣∗, 

1.60𝑣∗ 

None 𝑊 ∝ �̅�
2.84

 

 

Fixed step 
frequency 

𝑠: 0.56𝑠∗, 0.72𝑠∗, 0.88𝑠∗, 
1.00𝑠∗, 1.12𝑠∗, 1.28𝑠∗, 1.44𝑠∗ 

𝑓 =  𝑓∗ 𝑊 ∝ 𝑠4 

 

Fixed step 
length 

�̅�: 0.56𝑣∗, 0.72𝑣∗, 0.88𝑣∗, 
1.00𝑣∗, 1.12𝑣∗, 1.28𝑣∗, 1.44𝑣∗ 

𝑠 =  𝑠∗ 𝑊 ∝ �̅�
2
 

 

Fixed speed 𝑓: 0.70𝑓∗, 0.80𝑓∗, 0.90𝑓∗, 
1.00𝑓∗, 1.10𝑓∗, 1.20𝑓∗, 1.30𝑓∗ 

�̅� = 𝑣∗ 𝑊 ∝ 𝑠2 

Table 1: Each of four experimental conditions including preferred walking with no constraint, and others 192 
constraining one of frequency, step length or walking speed. 193 

 194 
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 195 

 196 

Human experiment 197 

We used ground reaction forces and motion capture to estimate work performed by the body, including 198 

rigid body and soft tissue work. Ground reaction force 𝐹gr was measured from the instrumented treadmill 199 

(Bertec) at 1200 Hz and low-pass filtered at 25 Hz. Instantaneous COM velocity 𝑣COM was determined 200 

from integrating the ground reaction force 𝐹gr using a periodicity assumption. Center of mass work rate 201 

 

Fig. 2: Predictions of negative work during walking. A. Preferred walking: Assuming the empirical 
preferred step length relationship, negative work increases with (speed)2.84. B. Fixed frequency: If speed 
increases linearly with step length, negative work increases with (step length)4. C. Fixed step length: If step 
frequency increases linearly with step frequency, negative work increases with (speed)2. D. Fixed speed: If 
step length and frequency vary inversely at fixed speed, negative work increases with (step length)2. These 
relationships are predicted to apply to total Collision work, soft tissue Collision work, and total negative work 
over a full stride. 
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(�̇�COM) was determined from the dot product of each leg’s ground reaction force 𝐹gr and center of mass 202 

velocity 𝑣COM (Donelan et al., 2002). In addition to ground reaction force measurements, motions of the 203 

lower limbs were captured using Motion Analysis at 120 Hz. Cluster markers were attached to the feet, 204 

shanks and thighs. Single markers were located at the head of the 5th metatarsus, left and right malleoli, 205 

left and right epicondyles, greater trochanter, left and right anterior superior iliac spine and sacrum. 206 

Ankle, knee and hip joints were defined based on locations of malleoli, epicondyles and Helen-Hayes 207 

Davis points respectively (Davis et al., 1991). Ground reaction force and motion capture measurements were 208 

used in standard inverse dynamic analysis (Visual 3D, C-Motion, Germantown, MD, USA) for computing 209 

the joint angles, translational displacements, torques, forces and work rates in the ankle, knee and hip. 210 

The joint work rates were summed across joints to yield overall rigid body work rate �̇�rigid (also referred 211 

to as Summed Joint Power using six-degree of freedom joints, (e.g. Honert & Zelik, 2019)). In addition, 212 

the segmental kinetic energies of the feet, shanks and thighs were computed assuming rigid bodies. At 213 

least five strides from each condition were analyzed per participant, selected to avoid motion capture 214 

occlusions and steps that landed on both force plates. Some of the trials could not be analyzed (five out 215 

of 324) due to missing data (two), incorrect stepping (one) or lose markers (two). These occasions all 216 

belonged to different subjects, and to different conditions. An additional (tenth) subject was recorded 217 

in experiment but excluded from analysis owing to incorrect pelvis marker placement.  218 

 219 

The resulting data were then used to estimate work quantities, as described previously (Zelik et al., 2015; 220 

Zelik & Kuo, 2010). Whole-body work rate �̇�body was defined as the COM work rate �̇�COM, plus the peripheral 221 

work rate �̇�peri, defined as the sum of all unilateral segmental kinetic energy fluctuations about the 222 

COM. The trunk and upper limbs contribute relatively little to walking (Vaughan et al., 1992), and so we 223 

limited our segmental analysis to the lower limbs (Fu et al., 2015). Whole-body work rate �̇�body typically 224 

becomes negative during the Collision phase right after heel strike, then becomes positive during 225 

Rebound until mid-stance, when it becomes negative during Pre-load, before a final positive-work Push-226 

off at end of stance (Donelan et al., 2002). The phases other than Collision are mainly used for 227 

qualitative illustrative purposes, although Pre-load and Collision together contribute to the overall 228 

negative work of a stride, 𝑊stride. Collision phase was defined as the interval between heel-strike and 229 

the instant of the steepest upward COM velocity (Adamczyk & Kuo, 2009). Soft tissue work rate �̇�soft 230 

was determined from the discrepancy between rigid body work rate �̇�rigid and whole-body work rate 231 

�̇�body (Zelik et al., 2015; Zelik & Kuo, 2010). All work rates were calculated for each leg individually and then 232 

averaged between legs. 233 

 234 

The primary work quantities of interest were Collision work 𝑊collision, soft tissue Collision work 𝑊soft,collision, 235 

and total negative work over the entire stride 𝑊stride. Collision work  𝑊collision and soft tissue Collision 236 

work 𝑊soft,collision were obtained by time-integrating whole-body work rate �̇�body and soft tissue work rate 237 

�̇�soft respectively, for the negative intervals of �̇�body during Collision. Total negative work per stride 238 

𝑊stride was obtained from time-integrating whole-body work rate �̇�body during the intervals when it was 239 
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negative. All of these work quantities were negative and reported as magnitudes and computed as work 240 

per stride to facilitate comparison to the simple walking model.  241 

 242 

Results 243 

The measured quantities generally exhibited qualitatively systematic variations with the gait conditions. 244 

For example, sagittal plane joint angle, torque and rotational work rate during walking at constant step 245 

frequency and increasing step length generally increased in amplitude with walking speed (see Fig. 3). 246 

Each joint’s contribution may be inferred by comparing its work rate to the rigid body work rate (see 247 

Fig. 3). Each joint contributed differently to rigid body work rate, with mainly positive contributions from 248 

the ankle, negative contributions from the knee and mixed contributions from the hip. Whole-body and 249 

rigid body work rates during preferred walking at 1.25 m s-1 were similar in shape, but different in 250 

amplitude. These work rates and their difference were used to determine soft tissue Collision work (see 251 

Fig. 4).  252 

 253 

 254 

 255 

 

Fig. 3: Joint angle, torque, and work rates during walking at constant step frequency. Amplitudes of 
sagittal plane joint angle, joint torque and joint work rate increased with walking speed. Increases were most 
pronounced during collision (knee and hip) and push-off phases (ankle and hip).  
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 256 

 257 

Net rigid body work was generally positive and appeared to increase with speed and step length (see 258 

Fig. 5). This is consistent with the expectation that soft tissues perform net dissipative work, not 259 

captured by rigid body inverse dynamics. In preferred walking and fixed step length walking, net rigid 260 

body work per stride appeared to increase with walking speed, with positive contributions from ankle 261 

and hip and negative contributions from knee (Fig 5A and 5C). The effect of speed on hip and knee joint 262 

work was more pronounced in fixed step length walking (Fig 5C), whereas the effect on ankle joint work 263 

was more pronounced in preferred walking (Fig 5A). In fixed frequency walking, net rigid body work per 264 

stride appeared to increase with step length, with positive contribution from ankle and nearly constant 265 

contributions from hip (positive) and knee (negative) (Fig 5B). In fixed speed walking, net rigid body 266 

work per stride appeared to increase with step length, with mainly positive contributions from ankle and 267 

mixed contributions from knee and hip. The latter two work terms showed a minimum and maximum at 268 

intermediate step lengths respectively, increasing in amplitude towards the extremes. 269 

 270 

 

Fig. 4: Work rate vs. time for three measures: (A.) Rigid body, (B.) Whole-body, and (C.) Soft tissue. 
Shown are representative data for preferred walking at 1.25 m s-1. (A.) Inverse dynamics yields rigid body work 
rate (dotted line), defined as the sum of work rates from ankle, knee and hip (solid, colored lines). (B.) Whole-
body work rate is the sum of center of mass (COM) work rate and peripheral work rate (Zelik & Kuo, 2010). 
Collision work (shaded region) is the negative whole-body work during Collision. (C.) Soft tissue work rate is 
the difference between whole-body work rate and rigid body work rate, also with soft tissue work quantified 
(shaded regions). 
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 271 

 272 

Whereas all work rate amplitudes generally increased with speed and step length, the increase was 273 

more pronounced for whole-body work rate than for rigid body work rate (see Fig. 6-7). This increase 274 

was most notable during collision and push-off phases. Rigid body work rate was similar in shape as 275 

whole-body work rate, but different in amplitude (upper panels versus middle panels Fig. 6-7). During 276 

collision phase specifically, whole-body work rate had a larger amplitude than rigid body work rate, 277 

resulting in a substantial soft tissue work rate amplitude (lower Fig. 6-7). This soft tissue work rate 278 

amplitude seemed to increase with step length (lower panels Fig. 6) and with walking speed (lower 279 

panels Fig. 6-7), similarly as the amplitude of the whole-body work rate (upper panels Fig. 6-7). 280 

Altogether, whole-body and soft tissue work rate amplitudes during collision phase seemed to increase 281 

with walking speed and step length to a larger extent than rigid body work rate amplitudes. Soft tissue 282 

and rigid body work rates differed in the response immediately after Collision. In nearly all conditions, 283 

soft tissue work rate returned to nearly zero at the end of Collision, with little or no positive work. In 284 

contrast, the rigid body work typically became positive after Collision, during the Rebound phase. We 285 

 

 

 
Fig. 5: Net joint work per stride during walking in four different conditions. A. Preferred walking at 
increasing speed. B. Fixed frequency with increasing step length and speed C. Fixed step length with increasing 
speed and step frequency. D. Fixed speed with increasing step length and decreasing step frequency. Shown 
are Rigid body work, which is the sum of Ankle, Knee, and Hip joint work per stride. Envelopes (dashed lines) 
indicate Rigid body positive (+) and negative (–) work, defined as sum of all positive (negative) work from each 
joint.  
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therefore interpret the soft tissue Collision work as being largely passive and dissipative, whereas the 286 

rigid body Collision work may have both active and passive contributions, including a possible damped 287 

elastic oscillation. In the remaining, soft tissue Collision work is therefore also referred to as soft tissue 288 

dissipation.  289 

 290 

 291 

 

Fig. 6: Work rates for walking with (left:) Fixed step frequency and (right:) Fixed speed, both with 
increasing step length. (top to bottom:) Whole-body, Rigid body, and Soft tissue work rates vs. time for one 
stride, with shaded regions indicating Collision phase. Whole-body work rate is sum of COM and peripheral work 
rates. Rigid body work is sum of joint work rates from inverse dynamics. Soft tissue work rate is difference 
between Whole- and rigid body rates.  
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 292 

 293 

Negative work increased across conditions according to velocity-based predictions by simple walking 294 

model (Fig. 8). As expected, the magnitudes of both Collision work 𝑊collision (Fig. 8A), soft tissue Collision 295 

work 𝑊soft,collision (Fig. 8B) and full stride negative work 𝑊stride (Fig. 8C) increased with impact speed 𝑣COM
−  296 

and tangent of COM velocity directional change tan(𝛿𝑣). All these cases were consistent with the same 297 

 

Fig. 7: Work rates for walking at increasing speed with (left:) Preferred and (right:) fixed step 
length. (top to bottom:) Whole-body, Rigid body, and Soft tissue work rates vs. time for one stride, with shaded 
regions indicating Collision phase. Whole-body work rate is sum of COM and peripheral work rates. Rigid body 
work is sum of joint work rates from inverse dynamics. Soft tissue work rate is difference between Whole- and 
rigid body rates. 
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prediction proportional to (𝑣COM
− )2tan2(𝛿𝑣) (Eq. 4-6), each with a single coefficient. For example, Collision 298 

work 𝑊collision increased with coefficient 𝑐collision =  4.512 ± 0.079 (estimate ± 95% confidence interval CI; 299 

𝑝 = 5 ∙ 10−147, linear regression, 𝑅2 = 0.81, Fig. 8A). Soft tissue Collision work 𝑊soft also increased, with a 300 

smaller coefficient (𝑐soft =  2.849 ± 0.059, 𝑝 =  4 ∙ 10−130, linear regression, 𝑅2 = 0.71, Fig. 8B). Full stride 301 

negative work 𝑊stride increased with a larger coefficient (𝑐stride =  5.082 ± 0.108, 𝑝 =  1 ∙302 

10−127, linear regression, 𝑅2 =  0.90, Fig. 8C), and was accompanied by a significant offset in work, (𝑑stride =303 

20.87 ± 0.434 J, mean ± CI). 304 

 305 

A comparison of the fitting coefficients reveals that soft tissues accounted for most of the Collision work 306 

𝑊collision, which in turn accounted for most of the full stride negative work 𝑊stride. Quantified by the ratio 307 

between coefficients, Collision work 𝑊collision accounted for 88% of the change in full stride negative 308 

work 𝑊stride (𝑐collision: 𝑐stride = 0.88), for the range of walking conditions considered. The main difference 309 

was a constant amount of greater full stride negative work 𝑊stride (20.9 J), not dependent on gait 310 

parameters. Similarly, soft tissues accounted for 63% of the Collision work 𝑊collision (𝑐soft: 𝑐collision = 0.63), 311 

and 56% of the change in full stride negative work 𝑊stride (𝑐soft: 𝑐stride = 0.56) across conditions considered. 312 

Altogether, these results agree with the expectations that soft tissues dissipate substantial energy, 313 

mostly during collision phase, which can be quantitatively predicted from impact speed 𝑣COM
−  and COM 314 

velocity directional change 𝛿𝑣 (Eq. 5).  315 

 316 

Negative work increased across conditions according to gait-based predictions by simple walking model 317 

(Fig. 8). As expected, the magnitudes of both Collision work 𝑊collision (Fig. 8D), soft tissue Collision work 318 

𝑊soft,collision (Fig. 8E), and full stride negative work 𝑊stride (Fig. 8F) increased with average speed �̅� and 319 

step length 𝑠. All these cases were consistent with the same prediction proportional to �̅�2𝑠2 (Eq. 7-9), 320 

albeit with different coefficients. For example, Collision work 𝑊collision increased as described by 321 

coefficient 𝑐′collision = 1.250 ± 0.027 (estimate ± 95% CI; 𝑝 = 5 ∙ 10−127, linear regression, 𝑅2 = 0.73, Fig. 8D). 322 

Soft tissue Collision work 𝑊soft also increased, with a smaller coefficient (𝑐′soft =  0.828 ± 0.011, 𝑝 =  2 ∙323 

10−178, linear regression, 𝑅2 = 0.88, Fig. 8E). Full stride negative work 𝑊stride increased with a larger 324 

coefficient (𝑐′stride =  1.451 ± 0.042, 𝑝 =  5 ∙ 10−98, linear regression, 𝑅2 =  0.82, Fig. 8F), accompanied by an 325 

offset (𝑑stride
′ = 20.04 ± 0.60 J, mean ± CI). And as expected for zero net work per stride, full stride positive 326 

work yielded a comparable coefficient (1.468 ± 0.042), offset (21.89 ± 0.60 J) and overall fit to the same 327 

type of proportionality (𝑅2 =  0.83), meaning that negative and positive work are nearly equal in 328 

magnitude. Gait-based coefficients yield predictions for negative work during walking, given subject 329 

characteristics (mass 𝑀 and leg length 𝐿) and gait parameters (speed �̅� and step length 𝑠). For example 330 

(using Eqn. 8), the predicted amount of negative work done by soft tissues during Collision for the 331 

average subject walking at 1.25 m·s-1 with a preferred step length of 0.70 m was 6.7 J.  332 

 333 
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 334 

These same fits were also examined on a condition-specific basis, and were found to agree reasonably 335 

well with predictions for most conditions (most R2 values ≥ 0.5, see Fig. 9). The gait-based predictions 336 

(Fig. 8D-F) were evaluated for preferred walking (Fig. 9A), fixed step frequency (Fig. 9B), fixed step 337 

length (Fig. 9C), and fixed speed conditions, all using the same single coefficients above (𝑐collision, 338 

𝑐soft,collision, 𝑐stride). Soft tissue and whole-body negative work matched the predictions best in fixed 339 

frequency walking (R2 = 0.91-0.95), as expected due to the dominant effect of step length (see Fig. 340 

9B). This was followed by preferred walking (R2 = 0.83-0.90), which featured the largest increase in 341 

walking speed (see Fig. 9A). Negative work was predicted somewhat less well for fixed speed walking 342 

(R2 = 0.39-0.66, see Fig. 9D). Soft tissue Collision work 𝑊soft,collision and full stride negative work 𝑊stride 343 

were reasonably well predicted in fixed step length walking (R2 = 0.52-0.68). The fits were relatively 344 

 

 
 Fig. 8: Negative work done by the body and soft tissues during walking, with model prediction 
(mesh surface). Top row shows Velocity-based predictors, bottom Gait-based predictors. Each row shows 
Collision work, Soft tissue Collision work, and Full stride negative work. Velocity-based predictors impact speed 

𝑣COM
−  and tangent of COM velocity directional change tan(𝛿𝑣) for (A) whole-body collision (𝑅2 = 0.82), (B) soft 

tissue collision (𝑅2 = 0.74) and (C) whole-body full stride (𝑅2 = 0.90). Gait-based predictors average speed �̅� 
and step length 𝑠 for (D) whole-body collision (𝑅2 = 0.73), (E) soft tissue collision (𝑅2 = 0.88) and (F) whole-

body full stride (𝑅2 = 0.82). Each prediction (A-F) was produced with one proportionality coefficient each, and 

tested with four walking conditions. Step length 𝑠 is normalized by leg length 𝐿; velocity terms (i.e. 𝑣COM
−  and 

�̅�) are normalized by √𝑔𝐿, with 𝑔 the gravitational constant. 
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poor for whole-body Collision work 𝑊collision at fixed step lengths (R2 = 0.13, see Fig. 9C), but this was 345 

because work changed little across this condition (9.9 J at most), and not because of substantial absolute 346 

error in the fit. Separate from these predictions, the Rigid body Collision work was small in all conditions, 347 

taking up only 28% of (whole-body) Collision work 𝑊collision (averaged across all conditions). Altogether, 348 

data agreed with predictions mainly for the preferred, fixed frequency, and fixed speed predictions, 349 

where there was generally more change in dissipation across trials.   350 

 351 
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 352 

Discussion 353 

The current study aimed at testing whether negative work by the whole body or passive soft tissues 354 

varies systematically at various combinations of walking speed and step length. We tested whether the 355 

negative work done by soft tissues during Collision (“soft tissue Collision work”), and the whole-body 356 

negative work over a full stride, were both proportional to whole-body Collision work. And in turn, we 357 

also tested whether Collision work would increase as predicted by a simple model, with step length 358 

 
 
 Fig. 9: Condition-specific effects of step length and speed on negative work during walking. 
A: Negative work versus average speed for preferred walking (R2 = 0.83-0.90). B: Negative work versus 
step length for fixed frequency walking (R2 = 0.91-0.95). C: Negative work versus average speed for 
fixed step length walking (R2 =0.13–0.68). D: Negative work versus step length for fixed speed walking, 
with poorer fit to predictions (R2 = 0.39-0.66). All four conditions were tested against a single model 
with one proportionality coefficient (Fig. 8D-F) for each of three quantities: Full stride negative work, 
total negative Collision work, and soft tissue Collision work (𝑐stride, 𝑐collision, 𝑐soft,collision). Step length 𝑠 is 

normalized by leg length 𝐿; average speed �̅� is normalized by √𝑔𝐿, with 𝑔 the gravitational constant. 
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squared multiplied by walking speed squared. These quantities were found to agree reasonably well with 359 

the model. We next examine the results considering potential underlying mechanisms, as well as the 360 

implications for biomechanical analysis of human locomotion. 361 

 362 

We found that soft tissues do substantial amounts of negative work over a wide range of walking 363 

conditions. Soft tissue work has previously been related to walking speed during preferred walking (Zelik 364 

& Kuo, 2010), but not for other conditions, and not relative to negative work done by the whole body. 365 

We here show that soft tissues account for most (about 65%) of the negative work done by the whole-366 

body during Collision, over a variety of conditions quite different from preferred walking (Fig. 8). The 367 

negative Collision work not performed by soft tissues may be performed by a combination of active 368 

dissipation by muscle, and tendon passively storing some energy elastically, and perhaps returning 369 

during Rebound (e.g., Fig. 4C). Our data are insufficient to quantify the actual amount of elastic return, 370 

which has suggested to be quite substantial and attributable to the knee (Shamaei et al., 2013). But 371 

soft tissues appear to be well damped, with little indication of elastic return (see Fig. 6-7). If soft tissue 372 

Collision losses (about 6.7 J at typical 1.25 m ⋅ s−1) were restored by active positive work at 25% 373 

efficiency (Margaria, 1968), it could account for about 31% of the net metabolic power of about 2.3 W ⋅374 

kg−1 at that speed (Kuo et al., 2005). Soft tissue work is therefore an important dissipative contributor 375 

to negative work, and ultimately to the metabolic cost of walking.  376 

 377 

We also found that the negative work of the entire stride is related to the Collision. Both quantities 378 

(𝑊stride and 𝑊collision) increased proportionately, with approximately the same power law with respect to 379 

either velocity- or gait-based predictors (Fig. 8). The Collision accounted for about 88%, and soft tissues 380 

for about 57%, of the changes in negative work over an entire stride. This leaves a relatively small, 381 

12% contribution from other phases to changes in overall negative work, albeit still in proportion to 382 

Collision. There was also a substantial offset in the full stride negative work, accounting for as much as 383 

87% of the total negative work at low speeds (below nominal). We interpret the offset as arising from 384 

other factors not considered here, such as the contribution of step width to Collision (Donelan et al., 385 

2001, 2002), and motion of the swing leg (Doke et al., 2005) and other parts of the body. The negative 386 

work of Pre-load appears to be associated with elastic loading of the Achilles tendon, prior to subsequent 387 

release as part of Push-off (Fukunaga et al., 2001; Zelik et al., 2014). That loading appears driven in 388 

part by the dynamical interactions triggered by Collision, as is the overall positive work of the body over 389 

the full stride.  390 

 391 

These changes are mechanistically predictable over a wide range of walking conditions. The mechanistic 392 

stimulus is the vector velocity of the COM, which is redirected during the step-to-step transition. 393 

Negative Collision work was predicted from velocity’s magnitude 𝑣COM
−  and directional change 𝛿𝑣 (Eq. 4), 394 

which both varied substantially across walking conditions. Despite a greater than two-fold variation in 395 

each of the gait parameters, the Collision work was predicted reasonably well by a single empirical 396 

coefficient 𝑐soft (𝑅2 = 0.81), and similarly for soft tissue Collision work and whole-body negative over the 397 
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stride. A drawback is that such predictions require the pre-impact COM velocity 𝑣COM
− , and so we also 398 

tested more convenient gait-based variables, namely speed �̅� and step length 𝑠, that are more typically 399 

known or specified prior to experiment. The gait-based predictions rely on assumptions such as the 400 

small-angle approximation, and that impact velocity is proportional to average speed. However, we 401 

found gait-based predictions to fit data about as well as velocity-based predictions (R2 = 0.88 vs. R2 =402 

0.74). The exception was for large step lengths during fixed speed walking, which feature substantial 403 

directional changes 𝛿𝑣 but relatively less soft tissue Collision work (see Fig. 9). Humans appear to behave 404 

less like inverted pendulums when walking with atypically high step lengths and low step frequencies. 405 

Although the fits for this condition are not as good as for some other conditions (with R2 between 0.39 406 

and 0.66), this is a consequence of performing a single fit for all conditions, some of which entailed 407 

much more work and therefore had greater influence on the proportionality coefficient. Better fits could 408 

be obtained with a separate coefficient for each specific condition, but our aim was to test a single model 409 

across all conditions. With the single coefficient limitation in mind, both soft tissue dissipation and whole-410 

body negative work can be predicted reasonably from gait parameters for walking speed and step length, 411 

particularly for conditions similar to normal preferred walking.  412 

 413 

These predictions arise from a simple walking model that predicts the work needed to redirect the COM 414 

velocity during the step-to-step transition. It predicts general trends arising from pendulum-like walking 415 

(Eqns 1-3), and not absolute work quantities, which required empirical proportionality coefficients. 416 

However, only a single proportionality coefficient could reasonably predict the work for all four different 417 

walking conditions, whether for soft tissues, overall collision, or full stride (e.g., 𝑐soft
′ , 𝑐collision

′ , 𝑐stride
′ ). The 418 

model prediction does not distinguish between active and passive work, but we found that soft tissue 419 

dissipation was proportional to whole-body negative work. It appears that humans are quite systematic 420 

in distributing work between passive soft tissues and active muscle-tendons. Thus, the combination of 421 

a simple model and only a few empirical coefficients, unites the effects of a variety of gait parameters 422 

on negative work. At the same time, the simple model applies less well to the fixed-speed combinations 423 

of long step lengths and slow step frequencies discussed above. But for step lengths and frequencies at 424 

or near preferred conditions, the inverted pendulum model explains the negative work of soft tissues 425 

and the whole body well, during both collision and the full stride. 426 

 427 

These findings also help to reveal that traditional inverse dynamics analysis is least accurate during 428 

Collision. Rigid body work accounted for only about 28% of total negative work following the impact at 429 

heel strike, across a wide range of walking conditions. The ratio of rigid body negative work to total 430 

negative work during Collision was largest during fixed speed walking (36%) and smallest during 431 

preferred walking (21%). This is also corroborated by observed net rigid body work for a full stride not 432 

being zero as expected for periodic gait, but rather positive (Fig. 5) and increasing with greater speeds 433 

or step lengths. This can largely be explained by the Collision phase, when soft tissues are most 434 

dissipative, and which rigid body work cannot capture (compare Figs. 4A and B). Rigid body work 435 

appears to be improved by the use of 6D inverse dynamics, which can in principle capture some of the 436 
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work performed between neighboring segments or within the joints (Honert & Zelik, 2019). However, 437 

inverse dynamics seems quite inaccurate for quantifying the work performed during Collision, which 438 

occurs within the first 200 ms or so after heel strike. The present study indicates the specific gait 439 

conditions and amount of work (Eqs. 7 – 9, each with an empirical coefficient) not quantified by inverse 440 

dynamics. 441 

 442 

There are also limitations to the quantification and interpretation of soft tissue dissipation. For example, 443 

we observed a large negative burst of soft tissue work followed by a large positive burst during pre-load 444 

and push-off respectively (Figs. 6 and 7). Soft tissues cannot actively perform positive work, and so it 445 

is possible that the negative-positive sequence is from passive, elastic energy return by soft tissues, 446 

first compressed and stored during pre-load and then released during push-off, in unknown amount. 447 

The timing and magnitude of positive work seem consistent with that interpretation, but another 448 

possibility is that the work is not truly caused by soft tissues, but by unmodeled rigid body joints. In our 449 

analysis, we estimate soft tissue dissipation from the energy not accounted for by the rigid body model. 450 

For example, we did not measure the metatarsophalangeal (MTP) joint, which may store and return 451 

energy during walking (Farris et al., 2019), and could potentially be included in a multi-segment (Farris 452 

et al., 2019) or deformable foot model (e.g. Takahashi et al., 2012) compatible with inverse dynamics. 453 

There remains the question whether such action is actively performed by muscle or passively by tendons, 454 

which may be addressed through techniques such as ultrasound imaging (Fukunaga et al., 2001). Thus, 455 

interpretation of soft tissue work can also depend on rigid body assumptions and on passive elasticity. 456 

 457 

Soft tissue dissipation might superficially seem preferable to avoid. All negative work, whether by soft 458 

tissue dissipation or by active muscle, needs to be restored by an equal amount of positive work (Riddick 459 

& Kuo, 2020) in steady level locomotion, at the cost of metabolic energy. However, negative work is 460 

necessary during the step-to-step transition to redirect the COM velocity. Doing this necessary negative 461 

work with soft tissues instead of active muscles may be more economical, as muscles require metabolic 462 

energy even for negative work (Abbott et al., 1952). The possible economy of soft tissue dissipation is 463 

supported by the lower mass-normalized metabolic cost of walking for obese than healthy individuals 464 

(Fu et al., 2015). Soft tissues also enable a softer impact with the ground (Pain & Challis, 2006), which 465 

may help in avoiding damage or injury to other tissues. For example, high knee adduction moment 466 

impulse is considered a risk factor for knee osteoarthritis (Bennell et al., 2011), whereas high vertical 467 

loading rate is considered a risk factor for tibial stress syndrome (Milner et al., 2006). The human 468 

nervous system appears to apportion some negative work to soft tissues, and some to muscle-tendons 469 

under active control. For example, humans prefer a jump landing that requires 37% more muscle-470 

tendon dissipation than minimally necessary (Zelik & Kuo, 2012). The amount of soft tissue dissipation 471 

may also have other effects such as on the stability of walking (Masters & Challis, 2020). The distribution 472 

between active and passive dissipation may therefore be relevant to metabolic cost and a variety of 473 

additional mechanical effects.  474 

 475 
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Conclusion 476 

Soft tissue dissipation during walking accounts for 56% of the variation in total negative work during 477 

walking. Both soft tissue and total negative work increase in consistent relative proportion, and with the 478 

square of walking speed and step length as predicted by a simple model of pendulum-like walking. The 479 

model mechanistically explains how negative work is necessary to redirect the body’s velocity between 480 

pendulum-like steps. Across a variety of conditions, experimental data reveal substantial soft tissue 481 

dissipation during walking, in predictable amount not captured by rigid body inverse dynamics analysis. 482 

In steady gait, negative and positive work are performed in equal magnitude, so that dissipative soft 483 

tissue work also requires active positive work that costs metabolic energy.  484 
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