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Running head: Modeling Metabolic Reductions of a Back-Support Exoskeleton 

 

Abstract 
Despite several attempts to quantify the metabolic savings resulting from the use of passive back-

support exoskeletons (BSEs), no study has modeled the metabolic change while wearing an exoskeleton 
during lifting. The objectives of this study were to: 1) quantify the metabolic reductions due to the VT-
Lowe’s exoskeleton during lifting; and 2) provide a comprehensive model to estimate the metabolic 
reductions from using a passive BSE. In this study, 15 healthy adults (13M, 2F) of ages 20 to 34 years 
(mean=25.33, SD=4.43) performed repeated freestyle lifting and lowering of an empty box and a box with 
20% of their bodyweight. Oxygen consumption and metabolic expenditure data were collected. A model 
for metabolic expenditure was developed and fitted with the experimental data of two prior studies and the 
without-exoskeleton experimental results. The metabolic cost model was then modified to reflect the effect 

of the exoskeleton. The experimental results revealed that VT-Lowe’s exoskeleton significantly lowered 

the oxygen consumption by ~9% for an empty box and 8% for a 20% bodyweight box, which corresponds 
to a net metabolic cost reduction of ~12% and ~9%, respectively. The mean metabolic difference 
(i.e., without-exo minus with-exo) and the 95% confidence interval were 0.36 and (0.2-0.52) 
[Watts/kg] for 0% bodyweight, and 0.43 and (0.18-0.69) [Watts/kg] for 20% bodyweight. Our 
modeling predictions for with-exoskeleton conditions were precise, with absolute freestyle prediction 
errors of <2.1%. The model developed in this study can be modified based on different study designs, and 
can assist researchers in enhancing designs of future lifting exoskeletons.  
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New and Noteworthy 
We present a new model of the metabolic cost of repetitive lifting, and how that is affected by 

wearing a passive back support exoskeleton. We compute the effective biomechanical efficiencies of 
moving the body and a carried load during lifting, and determine the effect of an exoskeleton's efficiency 
on its metabolic reduction. This model is useful for understanding the effects of exoskeletons on the body 
and for designing future exoskeletons. 

 

Introduction 
Lower back pain due to the lifting and lowering overexertion is one of the major sources of injuries 

and illnesses especially for manual material handling workers. Lower back pain is recognized as the leading 
cause of activity limitation, disability, and work absence, accounting for ~40% of lost workdays with 
estimated direct healthcare expenditure of $50-$90 billion annually in the United States (40, 84). Earlier 
epidemiological studies have shown that there is a strong association between the development of lower 
back pain and repetitive lifting/lowering, bending, and prolonged non-neutral static postures (20, 39, 65). 
Different interventions, including workplace modifications (34, 53, 58), work method training (27, 35, 75), 
exercise and education (13, 14, 76), worker training (18, 21), and workspace or tools redesign (55, 71) have 
been proposed as ergonomic solutions to prevent lower back pain.  

In recent years, passive back-support exoskeletons (BSEs) have also been proposed as a promising 
intervention to reduce the risk of low back injuries by offloading the weight of the wearer’s torso during 
various activities such as lifting (e.g., (2, 6, 7, 56)), bending/static holding (e.g., (12, 16, 50)), and drilling 
(e.g., (48, 49)) tasks. An exoskeleton is defined as a wearable, external structure that augments or assists 
the performance or strength of the user by providing assistive joint moments and/or structural supports (15, 
83). Although we and others have reported the benefits of passive BSEs on muscle activity (back and leg 
muscles) during lifting, assembly, and static holding tasks (2, 3, 6, 7, 16, 28, 37, 56, 57, 78, 80), relatively 
little information is available regarding the efficacy of BSEs in reducing the metabolic costs of lifting.   

Several previous works have already calculated or modeled the metabolic cost of lifting 
when a person is not wearing an exoskeleton (e.g., (8, 23, 30, 32, 33, 36, 41, 51, 73, 81)). In these 
studies, several factors have been reported to affect the lifting metabolic expenditure to various 
degrees: these include body weight, external load weight, frequency or lifting speed, lifting posture 
and technique, vertical/horizontal movement of body and external load, gender, physical fitness, 
environmental conditions (temperature and humidity), and task time duration (4, 8, 31, 32, 36). 
However, based on the physics of lifting activity and/or the experimental designs, the effects of 
some of these factors are much more significant than others. Most of the previous studies focused 
more exclusively on the effects of lifting techniques, lifting frequency and external load on 
metabolic expenditure of lifting. For example, Garg et al. developed a new approach (based on 
regression equations) to predict the metabolic cost for manual material handling jobs (32). They 
assumed that a certain activity can be decomposed to several task elements and subsequently, the 
total metabolic cost of the job can be defined as sum of tasks' energy demands and the energy 
required for maintaining the body's posture. They validated their model through 48 different jobs 
and they reported a high correlation coefficient of 0.95 between the predicted and measured 
metabolic expenditures. To validate their lifting equations, Garg and colleagues (32) compared 
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their model with the measured metabolic cost of lifting reported in (8) and (73). Although the 
estimated results of Garg's model over-predicted Aquilano's model and under-predicted Snook's 
measured metabolic cost results, the average absolute differences were ~13.2% and ~6.8%, 
respectively. Hence, their model provided reasonable prediction accuracy for lifting metabolic 
cost. Another excellent review of the metabolic cost of lifting is available in (41), where the 
metabolic cost of stoop and squat lifting was measured at various frequencies (10 and 20 lifts/min) 
and lifted masses (1, 8.5 and 17 kg) for 10 male professional forestry workers. Welbergen et al. 
also conducted a study to explore the effect of lifting technique (stoop and squat) and frequency 
(10 and 20 lifts/min) on metabolic cost for a repetitive lifting of a barbell (19 kg) on 9 male power-
lifters (81). Welbergen et al. and Hagen et al. both reported that in a given lifting frequency, the 
squat lifting had higher metabolic cost and oxygen consumption compared to the stoop lifting. In 
addition, as expected, for a given lifting technique, higher lifting frequency yielded a higher 
metabolic cost. 

In the past, research studies have confirmed that the increased metabolic cost during lifting 
is associated with fatigue (decreased capacity for exertion) and has adverse effects on lifting 
kinematics, lifting power, and postural stability (47, 59, 70, 74). Use of passive BSEs could be an 
alternative preventive approach to reduce the metabolic cost of lifting. To date, all of the metabolic 
cost studies with passive BSEs have only focused on quantifying the metabolic cost reductions 
during repetitive lifting tasks (5, 7, 10, 11, 56, 82). However, no study has attempted to model the 
metabolic cost of lifting with an exoskeleton. In this paper, we addressed two questions: 1) is there 
any significant change in metabolic expenditure during lifting with the VT-Lowe's exoskeleton; 
and 2) what is a comprehensive model to predict the metabolic cost reduction resulting from using 
an exoskeleton? The main hypothesis of this research is that wearing the VT-Lowe's exoskeleton 
would reduce the metabolic cost of lifting since it partially offsets the body weight (specifically 
torso weight) during lifting. Findings of this study will improve our understanding of the factors 
that significantly contribute to the metabolic cost of an exoskeleton and will increase the design 
accuracy and efficiency of future lifting exoskeletons. 

Methods and Methods 

Subjects 
A convenience sample of 15 subjects (13 males and 2 females) from university students and 

local communities was recruited for this study. Their mean (SD) ages, heights and body masses 
were 25.33 (4.43) years, 174.3 (6.99) cm and 79.27 (8.77) kg, respectively. The sample size of this 
study is slightly larger than other comparable studies in which significant differences in metabolic 
cost were obtained using ten (11) and eleven (10) healthy subjects. The current study was approved 
by the institutional review board (IRB) of Virginia Tech and written consent forms were obtained from all 
subjects at the study session.  None of the subjects reported any history of musculoskeletal disorders or low 
back pain in the past 12 months. Further, all of them were capable of lifting at least 25% of their body 
weight.   
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Preparation 
The overall experimental protocols were initially explained to each subject. In addition, during a 

30-minute training procedure, all subjects were asked to wear the exoskeleton to ensure their familiarity 
with the device. The exoskeleton was adjusted to each subject while they lifted a box weighted with 0% 
and 20% of their bodyweight (BW) in the sagittal plane. They repeated this task until they felt comfortable 
with the exoskeleton. This familiarization process was performed to minimize the training effects during 
the experimental testing. In parallel, subjects were given information about the portable calorimeter 
CosMed K4B2, a system that reliably calculates the metabolic cost of a task by measuring the oxygen 
uptake and exhaled carbon dioxide (24, 43, 61, 63). Following the training, each subject was given a break 
of approximately 15 to 20 minutes before the start of the experiment.  

Experimental procedures 
In this experiment, a full lifting cycle was defined as (1) bending down to grasp a 0.43 × 0.31 × 0.2 

𝑚ଷ plastic box; (2) lifting the box up from the floor to knuckle height (arms straight); (3) lowering the box 
back down to the floor; and (4) rising again to the original standing posture.  During the experiment, 
participants performed 6 full lifting cycles per minute using a freestyle form. Note that this is equivalent to 
the participants performing 6 lifts (bend down and stand up again) with no load, and 6 more lifts while 
holding the box, per minute. The independent variables were: (1) box weight (0% and 20% of BW), and 

(2) exoskeleton interventions (i.e., with and without-exoskeleton). The exoskeleton used was the VT-
Lowe's exoskeleton, as previously described in (6) and (19). The exoskeleton has a mass of 4.5 kg, 
which was 5.7% of the mean body mass for the participants in this experiment.  Photos of the 
exoskeleton used in the experiment and a participant during the experiment are shown in Figure 1. 
The test subjects completed a twelve-minute A-B-A protocol, where they did one condition (e.g., 
lifting without the exoskeleton) first ("A" step), then did a different condition (e.g., lifting with the 
exoskeleton) next ("B" step), and then repeated the A step at the end. This procedure ensures that the 
difference between the A condition and B condition was maintained over time, and the subject did not 
fatigue. If the subject felt fatigued, the second "A" test would show a higher metabolic rate than the first 
"A" test.   
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Figure 1: A, photo of the exoskeleton used in the experiment.  B, photo of a participant in the experiment completing 
the without-exoskeleton condition.  The box rested on a short platform, and participants could position their feet as 

they wished.  For the 20% BW conditions, mass was placed inside the box. 

 
During the experimental sessions, to keep the lifting time and speed the same, a narrative script 

was built using Matlab 9.0 (Mathworks, Natick, MA) and the subjects lifted and returned the box as narrator 
commanded. Each subject completed the experiment for both 0% and 20% of BW in the A-B-A protocol 
described above. The subjects jogged in place initially for 30 seconds to raise the metabolic rate quickly 
from the standing baseline. Then, they performed lifting for five minutes, with one complete lifting cycle 
every ten seconds. Then the exoskeleton is put on (or taken off) within 30 seconds based on the starting 
"A" step. Next, the subjects continued lifting for three minutes at the same rate and again the exoskeleton 
is taken off (or put on) and the lifting continued for 3 more minutes. Therefore, for a given box weight, the 
experimental session took about 12 minutes. To minimize the confounding errors, the presentation order of 
independent factors (exoskeleton intervention and box weight) were fully randomized during the 
experiment. Oxygen consumption was collected during the entire session for each box weight.  Enough rest 
(15-20 minutes) was provided to subjects after finishing each session to ensure that the heart rate and muscle 
conditions went back to resting conditions. 

Metabolic power calculation and statistical analysis 
The experimental data from metabolic cost system was initially processed using Matlab.  The 

consumed oxygen and carbon dioxide produced were filtered using a 4th order Butterworth filter with cutoff 
frequency of 0.33 Hz. It should be noted that it takes several minutes for the metabolic rate to stabilize. The 
initial subject's jogging in place raised the metabolic rate rapidly to be close to that of steady-state lifting, 
shortening the time to reach a steady-state metabolic rate. After the subject jogged, an additional 
stabilization period was provided to ensure the metabolic rate reflected that of steady-state lifting. 
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Therefore, based on the obtained results, the first 3 minutes of the metabolic cost data were dropped from 
analysis. In each step (i.e., A and B), the O2 consumption and produced CO2 were averaged across time 

for the last 1.5 minutes of that step interval to produce a single value for each participant. For this study, 

the metabolic power 𝑀 was calculated using the Brockway equation excluding the Nitrogen term (17): 

𝑀 ൌ 16.58 𝑉ሶ 𝑂ଶ ൅ 4.51 𝑉ሶ 𝐶𝑂ଶ, where 𝑉ሶ 𝑂ଶ and 𝑉ሶ 𝐶𝑂ଶ are in [L/sec] and 𝑀 is in [Watts]. 

In this study, all statistical analyses were performed by SPSS Statistics 26 (IBM SPSS Statistics, 
USA). A paired t-test was used to compare the normalized metabolic cost [Watts/kg] and oxygen 
consumption [L/min] of the first and third steps for all subjects. This first analysis examines whether or not 
the subjects fatigued during each experimental session. Additionally, a two-way repeated-measures 
analyses of variance (ANOVA) was performed to examine the effect of box weights (i.e., 0% and 20%) 
and exoskeleton intervention on metabolic cost and oxygen consumption. A post hoc paired t-test was 
subsequently performed on the ANOVA results and the mean differences (i.e., without-exo minus with-
exo) and their corresponding 95% confidence intervals and p-values were reported for both box weights 
(Table 1). In order to investigate the effect of exoskeleton on metabolic cost reduction, the metabolic rate 
in first and third steps (first "A" and second "A") were averaged and then statistically compared with the 
second step (step "B"). Partial eta-squared (𝜂௉ଶ) as a measure of effect sizes was also provided for 
statistically significant effects of ANOVA findings. For all statistical analyses, the alpha level of 0.05 was 
set as the statistical level of significance.  

Modeling Metabolic Cost Reductions 
In the following sections, we explore the general question of, what metabolic reduction should we 

expect from an exoskeleton? To understand this, we first present a theoretical model for metabolic cost 
prediction during lifting without an exoskeleton, and fit the model with the experimental results of two 

other studies that conducted stoop and squat lifting without an exoskeleton (41, 81) (Part A), as a baseline 
for comparison. Next, the model was modified and fitted with the measured results of the without-

exoskeleton conditions from our current study (Parts B and C). In both Parts A and C, we fit 
experimental data to the model to calculate the effective biomechanical efficiencies of the body 
during lifting without an exoskeleton. Next, the developed model for without-exoskeleton conditions 
was again modified and some new terms were added to it to reflect the contributions of an exoskeleton (Part 

D). We then use the model to predict the metabolic reduction in the present study, and compare it to our 

experimental results (Part E).  

Part A: Developing a prediction model for the metabolic cost of lifting  
We first consider modeling the metabolic cost of lifting a box without an exoskeleton.  This 

question has been addressed by several previous researchers, including (32), (69), (23), and (81); our 
modeling framework improves upon their results by creating a physics-based and intuitive set of equations. 
Contrary to the previous studies mentioned, our modeling framework decomposes the biomechanical 
efficiencies of the box and body to include both the lowering and lifting phases, which is important to 
understand to accurately model different activities. Our model can be easily modified to predict the lifting 
metabolic cost of different lifting scenarios to as long as the corresponding lifting kinematics and 
anthropometric data are available.   

To predict the metabolic cost of a certain lifting activity, the entire lifting cycle is divided into 
several task elements and the metabolic cost of lifting is modeled for each task element, as proposed by 
(32). Then, the total metabolic cost of the cycle is calculated using equation (1) in (32), in which the 
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different elements are added together and scaled by their respective times. In the case of repetitive lifting, 
there are contributions from lifting the body and a held mass, lowering the body and a held mass, and a 
baseline metabolic cost for standing upright. We assume that the lifters are continuously holding a mass 
during the lowering and lifting phases. They lower it down (so as to place the mass on the ground, although 
in this model they do not release it), then stand up again (with the mass), at which point they remain standing 
until the start of the next cycle. As specified in (69), this requires a mechanical power 𝑃 to raise the body 
and box:  

𝑃 ൌ   ቀ
௅

଺଴
ቁ ൫ |𝑊௕௢௫| ൅ ห𝑊஻௢ௗ௬ห ൯    (Equation 1a) 

where  |𝑊௕௢௫| ൌ 𝑚஻௢௫𝑔∆ℎ஻௢௫ and ห𝑊஻௢ௗ௬ห ൌ  𝑚஻௢ௗ௬𝑔∆ℎ஻௢ௗ௬ are the mechanical work in Joules 

required to lift the box and body center of mass (COM), respectively, and lifting occurs at 𝐿 lifts per minute. 
The box has mass 𝑚஻௢௫ [kg], the body has mass 𝑚஻௢ௗ௬ [kg], the box and body COM change heights ∆ℎ஻௢௫ 

and ∆ℎ஻௢ௗ௬ [m], respectively, and 𝑔 is the gravitational constant. Note that this only includes the power to 

lift the box; lowering the box results in the opposite mechanical power, so the entire lifting cycle has a net 
mechanical power of zero.  Metabolically, there is a cost to both lifting and lowering the body and box 
masses, as well as a cost for the body to remain alive and standing (i.e., to maintain its posture). The 
metabolic cost of standing is a constant (32, 33, 41), which we define as 𝑀ௌ௧௔௡ௗ௜௡௚. Garg and colleagues 

reported that the resting metabolic cost for a person with body weight BW is equal to 0.024 BW [Kcal/min] 
which is approximately 1.67 BW [Watts] (32). Therefore, for a 75 kg person, the metabolic cost of standing 

is about 1.8 kcal/min ~ 125.5 Watts (33). Hagen and colleagues also plotted the mean oxygen consumption 
during standing (~0.36 L/min O2) in Figure 1 of their paper (41). Assuming that 1 L/min O2 ~ 348.68 

Watts, the metabolic cost of standing for their study with mean body mass of 78.30 kg is about 125 Watts. 

In the current study, the metabolic cost of standing was assumed to be 125 Watts for the mean body mass 
of 78.3 kg (standing metabolic cost in (41) was set as the reference). Later in this paper, to predict the 

metabolic cost of standing in other studies that have different mean body masses, the standing metabolic 

cost was normalized with respect to the corresponding mean body weight in those studies.  

To model the metabolic cost of lifting and lowering, we must include the biomechanical efficiency 
of the body in performing these tasks. Putting the components together results in Equation (1) below: 

𝑀௅௜௙௧௜௡௚,ே௢ா௫௢ ൌ  

𝑀ௌ௧௔௡ௗ௜௡௚ ൅  ൬
𝐿

60
൰ ቀ|𝑊஻௢௫| ൫𝐾஻௢௫,௟௢௪௘௥ ൅  𝐾஻௢௫,௟௜௙௧൯ ൅ ห𝑊஻௢ௗ௬ห ൫𝐾஻௢ௗ௬,௟௢௪௘௥ ൅ 𝐾஻௢ௗ௬,௟௜௙௧൯ቁ ൌ 

                            𝑀ௌ௧௔௡ௗ௜௡௚ ൅  ቀ
௅

଺଴
ቁ ൫𝐾஻௢௫|𝑊஻௢௫|  ൅ 𝐾஻௢ௗ௬ห𝑊஻௢ௗ௬ห ൯             (Equation 1) 

In Equation (1), 𝑀௅௜௙௧௜௡௚,ே௢ா௫௢ is the average metabolic cost, in Watts, of repetitive lifting at 𝐿 lifts 

per minute. The coefficients 𝐾஻௢ௗ௬,௟௢௪௘௥ and 𝐾஻௢ௗ௬,௟௜௙௧ are the inverse of the effective biomechanical 

efficiency to lower and raise the mass of the body during the lowering and lifting phases, respectively. 
Similarly, 𝐾஻௢௫,௟௢௪௘௥ and 𝐾஻௢௫,௟௜௙௧ are the inverse of the effective biomechanical efficiency to lower and 

raise the box during the lowering and lifting phases, respectively. Furthermore, 𝐾஻௢௫ (i.e., 𝐾஻௢௫ ൌ
𝐾஻௢௫,௟௢௪௘௥ ൅ 𝐾஻௢௫,௟௜௙௧) and 𝐾஻௢ௗ௬ (i.e., 𝐾஻௢ௗ௬ ൌ 𝐾஻௢ௗ௬,௟௢௪௘௥ ൅ 𝐾஻௢ௗ௬,௟௜௙௧) are the inverses of the effective 

biomechanical efficiency of box and body during the whole cycle, respectively.   

In general, the metabolic cost of lifting depends on the physics and task elements of lifting. Here, 
to compute the predicted metabolic cost for different lifting types (i.e., stoop, squat, etc.) in Equation (1), 
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we need to determine the values of 𝐾஻௢௫ and 𝐾஻௢ௗ௬ associated with each lifting type. The other terms in 

Equation (1) can be calculated from either anthropometric or kinematics data. In order to calculate the 

values of 𝐾஻௢௫ and 𝐾஻௢ௗ௬ for stoop and squat, we performed a least-squares fit of Equation (1) with the 

experimental data (stoop and squat at 10 lifts/min) from (81) and (41) (see Appendix A). While the current 
study did not include stoop or squat lifts, we compute these values for comparison to the freestyle 
lifting done in our study. 

As explained in the introduction, in both of these studies, the performed repetitive lifting procedure 
was the same except that while the external weight was 19 kg in (81), (41) used three external weights (1, 
8.5 and 17 kg). The lifting procedure of both studies included three phases: 1) initially the subject lowered 
the external load from knuckle height to the floor; 2) the subject lifted the external load from floor to 
knuckle height (same posture as at the beginning); and 3) the subject was standing until the next metronome 
beep to start lowering the external load again. In (81), the change in height of the barbell can be calculated 
to be 0.66 m and 0.64 m for stoop and squat, respectively, from numbers provided in the paper. In the (41) 
study, the change in box height was approximated to be 0.59 m as the knuckle height was estimated to be 
80 cm and the vertical displacement between the box handle and the bottom of the box was equal to 21 cm 

(see Appendix A). The knuckle height was estimated based on the subject mean height and an 
equation relating stature and knuckle height derived from data in (38) (see Table C in Appendix A). 

Changes in body center of mass (COM) height for (81) were estimated to be 0.32 m (stoop) and 
0.46 m (squat); and were estimated to be between 0.31-0.33 m (stoop) and 0.42-0.49 m (squat) depending 
on the weight lifted for (41) (details in Appendix A). These values were calculated using the equations in 
Table D of Appendix A based on the vertical displacement of the box COM and the average body height 

in each experiment. Since the COM height was not measured in (41) or (81), the change in the 
COM height was estimated based on the change in height of the mass lifted; equations relating 
these two quantities were provided in (69), and are duplicated in Table D of Appendix A.  

Our model assumes that the lifting is quasi-static, so we just consider the potential energy change 
when evaluating the metabolic cost. This assumption is reasonable, since the kinetic energy of the body is 
a relatively small fraction of the total energy during lifting. One study (72) found that the kinetic energy of 
the body's center of mass was only 3.2-6.1% of the total energy of the center of mass (stoop lifting 
corresponded to 3.2%, and squat lifting to 6.1%), and similar results were found by (22) and (67). 

Part B: Modifying the metabolic cost prediction model to match the current study (without 
exoskeleton) 

In this section, we use the model from Part A to develop a metabolic cost prediction model for the 
experimental results of the without-exoskeleton conditions measured in this paper. In our study, a complete 
lifting cycle includes four distinct phases: 1) lowering the body without box, 2) lifting the body with box, 
3) lowering the body with box, and 4) lifting the body without box. After the fourth phase, the subjects 
were standing without the box until the Matlab script commanded them again to lower their body. Thus, in 

the current study subjects were lifting and lowering the external load in only half of the lifting and lowering 

phases, whereas in the experimental designs in (81) and (41), participants held the load constantly. 
Equation 2 presents the prediction metabolic cost of the whole task (including standing phase) for our 
experimental design (without-exoskeleton conditions).   
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𝑀௅௜௙௧௜௡௚,ே௢ா௫௢,ை௨௥ா௫௣ ൌ  

𝑀ௌ௧௔௡ௗ௜௡௚ ൅  ቀ
௅

଺଴
ቁ ൫𝐾஻௢௫|𝑊஻௢௫|  ൅ 𝐾஻௢ௗ௬ห𝑊஻௢ௗ௬ห ൯ ൅  ቀ

௅

଺଴
ቁ ൫𝐾஻௢ௗ௬ห𝑊஻௢ௗ௬ห ൯ ൌ

                                         𝑀ௌ௧௔௡ௗ௜௡௚ ൅  ቀ
௅

଺଴
ቁ ൫𝐾஻௢௫|𝑊஻௢௫|  ൅ 2 𝐾஻௢ௗ௬ห𝑊஻௢ௗ௬ห ൯      (Equation 2) 

In Equation (2), 𝑀௅௜௙௧௜௡௚,ே௢ா௫௢,ை௨௥ா௫௣ is the predicted metabolic cost of one complete lifting cycle 

(plus standing time waiting for next cycle) and it is calculated in Watts, and the other terms are the same as 
those in Equation (1).  

Part C: Fitting the without-exoskeleton metabolic cost prediction model to our experiment to 
calculate the effective biomechanical efficiency of box and body during freestyle lifting 

To obtain the effective box and body biomechanical efficiency in metabolic cost prediction of our 
current study, we fitted the without-exoskeleton prediction model with the corresponding experimental 

data. It was necessary to fit the data because in the previous studies, stoop and squat lifting styles were 

used, while in our study freestyle lifting was performed, and the biomechanical efficiencies are different 
for different lift types. In our study, each complete lifting cycle occurred at 6 cycles/min, so 𝐿 ൌ 6 in 
Equation (2). Moreover, the vertical displacement of the box COM for without-exoskeleton conditions was 
obtained as 0.55 m (see Table B in Appendix A). The change in box COM was computed based on two 
values: 1) the box handle height (vertical distance between box handle and the bottom of the box) that was 
measured to be 22.5 cm; and 2) the knuckle height, which was calculated as 77.0 cm by inputting the 
average body height (~1.74 m) into the provided equation in Table C of Appendix A. To find the vertical 
displacement of body's COM, equations in Table D of Appendix A were used. These equations related the 
body's COM height to the box height during lifting, with both quantities normalized to the person's height. 
Substituting a normalized box height change of 0.55m/1.74m = 0.31 into these equations resulted in the 
body COM height changes of 0.29 m, 0.39 m, and 0.35 m for stoop, squat and freestyle lifting, respectively, 
for an empty box, and body COM height changes of 0.30 m, 0.45 m, and 0.39 m for the 20% BW box. 

Note that the body COM height changes are slightly larger for a heavy box since people crouch 
down more to lift heavy loads, as measured by (72). By inserting all of the necessary parameters in 

the without-exoskeleton metabolic cost model, the model was linearly best fit with our without-
exoskeleton experimental data to calculate the biomechanical efficiency of lifting a box and the body 

during freestyle lifting. The resulting 𝐾-values were then used in predicting the metabolic cost of lifting 

for with-exoskeleton conditions (Part E).  

Part D: Developing a prediction model to estimate the metabolic cost of lifting with an 
exoskeleton 

In this section, the metabolic cost prediction equation (Equation (1)) is modified and some 
additional terms are added to it to reflect the effect of an exoskeleton on the metabolic cost of lifting. Later, 

in Part E, the model is matched to the variables in our experiment, and validated with our experimental 
results of with-exoskeleton conditions. Our model of the metabolic cost of lifting a mass repeatedly (as with 
Equation (2)) while wearing an exoskeleton is as follows:   
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𝑀௅௜௙௧௜௡௚,ா௫௢ ൌ 𝑀ௌ௧௔௡ௗ௜௡௚,ா௫௢

൅  ൬
𝐿

60
൰ ቀ|𝑊஻௢௫| ൫𝐾஻௢௫,௟௢௪௘௥ ൅  𝐾஻௢௫,௟௜௙௧൯

൅ ൫ห𝑊஻௢ௗ௬ห ൅ |𝑊ா௫௢ெ௔௦௦|൯ ൫𝐾஻௢ௗ௬,௟௢௪௘௥ ൅ 𝐾஻௢ௗ௬,௟௜௙௧൯

െ 𝑋 ൫𝐾ா௫௢,௟௢௪௘௥ ൅ 𝜂௘௫௢𝐾ா௫௢,௟௜௙௧൯ቁ 

                       ൌ 𝑀ௌ௧௔௡ௗ௜௡௚,ா௫௢ ൅  ቀ
௅

଺଴
ቁ ቀ𝐾஻௢௫  |𝑊஻௢௫|  ൅ 𝐾஻௢ௗ௬ ൫ห𝑊஻௢ௗ௬ห ൅ |𝑊ா௫௢ெ௔௦௦|൯  െ

                                                                  𝑋 ൫𝐾ா௫௢,௟௢௪௘௥ ൅ 𝜂௘௫௢𝐾ா௫௢,௟௜௙௧൯ቁ            (Equation 3) 

In Equation (3), 𝑀௅௜௙௧௜௡௚,ா௫௢ and 𝑀ௌ௧௔௡ௗ௜௡௚,ா௫௢ are the predicted metabolic cost of lifting for with-

exoskeleton conditions [Watts] and the metabolic cost of standing [Watts] while wearing an exoskeleton, 
respectively. |𝑊ா௫௢ெ௔௦௦| ൌ 𝑚ா௫௢𝑔∆ℎா௫௢ is the mechanical work required to change the exoskeleton's 
center of mass during lifting and lowering [J]. The exoskeleton has mass 𝑚ா௫௢ [kg] and it changes height 
∆ℎா௫௢ [m]. 𝑋 and 𝜂௘௫௢ are the mechanical work that exoskeleton stores during lowering [J] and the 

mechanical efficiency of exoskeleton for energy storage and return, respectively: the exoskeleton returns 
𝜂௘௫௢𝑋 Joules to the body as the wearer stands. 𝐾ா௫௢,௟௢௪௘௥ and 𝐾ா௫௢,௟௜௙௧ are inverse of the effective 

biomechanical efficiencies of how well the body makes use of the energy stored and returned by the 
exoskeleton during the lowering and lifting phases, respectively.  These include the contributions of all 
muscles in the body, including the back, stomach, and legs.  All other variables are the same as in Equations 
1 and 2.   

A detailed explanation of the terms in this equation is as follows. First, we consider the metabolic 
cost of standing while wearing an exoskeleton (𝑀ௌ௧௔௡ௗ௜௡௚,ா௫௢). According to (62), standing with an external 

load results in a metabolic rate of 𝑀ௌ௧௔௡ௗ௜௡௚,ா௫௢ ൌ 1.5 𝑚஻௢ௗ௬ ൅  2.0 ൫𝑚஻௢ௗ௬ ൅ 𝑚ா௫௢൯ ሺ𝑚ா௫௢/𝑚஻௢ௗ௬ሻଶ, 

where here the external load has been assumed to be equal to the exoskeleton's mass 𝑚ா௫௢. For a body mass 
of only 50 kg, an exoskeleton mass of 4.8 kg is needed to result in a metabolic increase of 1 W; the average 
body mass of an adult is larger than 50 kg, and thus an exoskeleton mass of 4.8 kg results in a metabolic 
increase even smaller than 1 W. Thus, for passive back-support exoskeletons, which usually have masses 
less than 4.8 kg (2, 6, 19, 52, 54, 77), 𝑀ௌ௧௔௡ௗ௜௡௚,ா௫௢ ≅ 𝑀ௌ௧௔௡ௗ௜௡௚. 

Second, while the mass of the exoskeleton does not contribute much to the standing metabolic rate, 
it must be considered during lifting and lowering since the body must lift and lower its mass. To include 
this, we assumed that the mechanical work of body and exoskeleton could be grouped together: the center 
of mass of a passive back-support exoskeleton is typically located near the wearer's waist, close to the center 
of mass for a human. Thus, the work to lift the exoskeleton's mass |𝑊ா௫௢ெ௔௦௦| is multiplied by the body 
terms 𝐾஻௢ௗ௬,௟௢௪௘௥ and 𝐾஻௢ௗ௬,௟௜௙௧. 

Regarding the energy storage provided by the exoskeleton, there are two additional terms for 
metabolic cost prediction. First, during bending down while wearing the exoskeleton, the exoskeleton 

absorbs 𝑋 Joules of mechanical work, which consequently can reduce the metabolic cost of lowering 
compared to without-exoskeleton conditions. Note that the energy absorbed by the exoskeleton 
originally comes from the wearer's potential energy due to their standing upright. This potential 
energy is normally lost as the person lowers, but the exoskeleton captures and stores some of it, 
and then the exoskeleton returns it to the person later as they stand upright again.  This assumes 
that the exoskeleton creates a torque smaller than that necessary to support the wearer's torso 
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during lifting, i.e., the wearer does not have to fight against the exoskeleton during the lowering 
phase.  This assumption is true for all passive back exoskeletons presented in the literature thus 
far, as they create peak torques of less than half of the torque required to support the torso (19).  
The torques created by the exoskeleton and activity of the back and stomach muscles during lifting is 
discussed in much greater detail in Appendix B.  Second, during lifting phase, the exoskeleton returns to 
the wearer 𝜂௘௫௢𝑋 Joules of mechanical work where 𝜂௘௫௢ is the mechanical efficiency of exoskeleton for 

energy storage and is less than 1, as some energy is lost due to friction and hysteresis in the 
exoskeleton. This value is a mechanical property of the exoskeleton and can be measured 
experimentally. In general, the stored energy 𝑋 depends on the bending angle of exoskeleton and if the 

exoskeleton bends more, more energy is stored; thus, values of 𝑋 need to be determined separately for 
stoop, squat, and freestyle lifts with different load heights. 

It is also useful to note the expected metabolic power savings due to using an exoskeleton, by 
subtracting 𝑀௅௜௙௧௜௡௚,ே௢ா௫௢ (Equation (1)) from 𝑀௅௜௙௧௜௡௚,ா௫௢ (Equation (3)).  This leads to a savings of  

∆𝑀௅௜௙௧௜௡௚,ா௫௢ ൌ  𝑀௅௜௙௧௜௡௚,ா௫௢ െ 𝑀௅௜௙௧௜௡௚,ே௢ா௫௢  

ൌ  𝑀ௌ௧௔௡ௗ௜௡௚,ா௫௢ െ 𝑀ௌ௧௔௡ௗ௜௡௚

൅ ൬
𝐿

60
൰ ቀ 𝐾஻௢ௗ௬ |𝑊ா௫௢ெ௔௦௦|  െ 𝑋 ൫𝐾ா௫௢,௟௢௪௘௥ ൅ 𝜂௘௫௢𝐾ா௫௢,௟௜௙௧൯ቁ 

(Equation 4)   

For most passive exoskeletons, 𝑀ௌ௧௔௡ௗ௜௡௚,ா௫௢ ≅ 𝑀ௌ௧௔௡ௗ௜௡௚ so  

∆𝑀௅௜௙௧௜௡௚,ா௫௢ ൌ  ൬
𝐿

60
൰ ቀ 𝐾஻௢ௗ௬ |𝑊ா௫௢ெ௔௦௦|  െ 𝑋 ൫𝐾ா௫௢,௟௢௪௘௥ ൅ 𝜂௘௫௢𝐾ா௫௢,௟௜௙௧൯ቁ 

(Equation 5) 

It is interesting to note that this is only a function of the exoskeleton parameters (mass, energy 
storage, efficiency), the vertical height that the exoskeleton's mass must be moved during a lift, and the 𝐾 
terms relating to how much energy the body will use in lifting the exoskeleton's mass or save from the 
exoskeleton's energy storage and return. It is not a function of the mass lifted; thus, we would expect the 
same metabolic savings (in Watts) for different masses lifted.  However, the body's center of mass does 
move slightly more for heavier load masses (potentially so the lifter can get under the box more), so the 
prediction will vary a small amount due to that effect. 

For our specific experiment, similar to how Equation (1) was modified to reach Equation (2), 
Equation (3) can be modified to be: 

𝑀௅௜௙௧௜௡௚,ா௫௢,ை௨௥ா௫௣ ൌ 𝑀ௌ௧௔௡ௗ௜௡௚,ா௫௢

൅  ൬
𝐿

60
൰ ቀ|𝑊஻௢௫| ൫𝐾஻௢௫,௟௢௪௘௥ ൅  𝐾஻௢௫,௟௜௙௧൯

൅ 2൫ห𝑊஻௢ௗ௬ห ൅ |𝑊ா௫௢|൯ ൫𝐾஻௢ௗ௬,௟௢௪௘௥ ൅ 𝐾஻௢ௗ௬,௟௜௙௧൯ െ 2𝑋൫𝐾ா௫௢,௟௢௪௘௥ ൅ 𝜂௘௫௢𝐾ா௫௢,௟௜௙௧൯ቁ 

                        ൌ 𝑀ௌ௧௔௡ௗ௜௡௚,ா௫௢ ൅ ቀ ௅
଺଴
ቁ ቀ𝐾஻௢௫|𝑊஻௢௫|  ൅ 2𝐾஻௢ௗ௬൫ห𝑊஻௢ௗ௬ห ൅ |𝑊ா௫௢|൯ െ

                                                         2𝑋൫𝐾ா௫௢,௟௢௪௘௥ ൅ 𝜂௘௫௢𝐾ா௫௢,௟௜௙௧൯ቁ           (Equation 3b) 

with 𝐿 = 6 as before, and Equation 5 can be modified to be: 

∆𝑀௅௜௙௧௜௡௚,ா௫௢ ൌ  ൬
2𝐿
60
൰ ቀ 𝐾஻௢ௗ௬ |𝑊ா௫௢ெ௔௦௦|  െ 𝑋 ൫𝐾ா௫௢,௟௢௪௘௥ ൅ 𝜂௘௫௢𝐾ா௫௢,௟௜௙௧൯ቁ 
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(Equation 5b) 

Part E: Validating the prediction model by estimating the metabolic cost of lifting with an 
exoskeleton in our experiment 

We next compute the metabolic cost of lifting in our experiment by substituting values into 
Equations (3b) and (5b).  In our experiment, the values of these variables are as follows. Similar to the 
without-exoskeleton conditions, the vertical displacement of the box COM for with-exoskeleton conditions 
was obtained to be 0.55 m (Table B in Appendix A) and the body's COM height change was found by the 

equations in Table D in Appendix A. We use 𝜂௘௫௢ ൌ 0.95 based on measurements of our exoskeleton 
reported in (19). We use 𝑋 ൌ 59.3 J for freestyle lifting, 𝑋 ൌ 61.8 J for stoop lifting, and 𝑋 ൌ 51.5 J for 

squat lifting, all of which were measured in (19) for the same exoskeleton and box height as in the current 
experiment.  Also, note that the calculated (best-fit) 𝐾-values for without-exoskeleton freestyle lifting from 

Part C were used in this section to validate our metabolic cost model for with-exoskeleton conditions. The 

calculated (best-fit) 𝐾-values for stoop and squat lifting from Part A were additionally used to predict the 
metabolic cost of stoop and squat lifting in this section, for a general comparison to the results of freestyle 
lifting. 

All of the factors in equations (3) and (3b) are thus known except 𝐾ா௫௢,௟௢௪௘௥ and 𝐾ா௫௢,௟௜௙௧. Since 

the exoskeleton 𝐾-values (𝐾ா௫௢,௟௢௪௘௥ and 𝐾ா௫௢,௟௜௙௧) are unknown, four assumptions about their values were 

investigated, and the resulting predictions compared to gain insight into the actual values. Specifically, 

there are two major possibilities that we compare. The first is if the 𝐾-values for the exoskeleton are equal 
to 𝐾-values for the body or the box. The second issue is how to distinguish between the values of  𝐾ா௫௢,௟௢௪௘௥ 

and 𝐾ா௫௢,௟௜௙௧. With our experimental data, it is not possible to distinguish between 𝐾ா௫௢,௟௢௪௘௥ and 𝐾ா௫௢,௟௜௙௧ 

since the exoskeleton is worn continuously. In general, to distinguish between these values, an 
exoskeleton must be used that would provide assistance torques either during the lift or lower 
phase but provide zero or much less torque during the other phase. This can be accomplished by 
either an active exoskeleton or a passive exoskeleton with an adjustable efficiency. Since we 
cannot distinguish between these values with our exoskeleton, we consider two possibilities for the 
ratio between the lowering and lifting 𝐾-values. One option is that they are equal to each other 
(𝐾ா௫௢,௟௢௪௘௥ ൌ 𝐾ா௫௢,௟௜௙௧), and the other is that 𝐾ா௫௢,௟௢௪௘௥ ൌ  0.25 𝐾ா௫௢,௟௜௙௧. Since these 𝐾-values are the 

inverse of the effective biomechanical efficiency, this corresponds to either lifting requiring the same 
amount of energy as lowering, or lifting requiring four times as much energy as lowering, respectively. The 
ratio of 4:1 for lifting to lowering seems to be an upper bound for isolated muscle and whole-body activities, 
where concentric muscle contraction requires between 2-4 times as much energy as eccentric muscle 

contraction (1, 22, 44, 64); we use 4:1 as a conservative value. Similarly, we use the ratio of 1:1 for 
lifting to lowering as a lower bound on the possible ratio. If 𝐾ா௫௢,௟௢௪௘௥ ൌ  0.25 𝐾ா௫௢,௟௜௙௧, the sum of 

𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ is set equal to either 𝐾஻௢ௗ௬ or 𝐾஻௢௫.  

Thus, we make four assumptions for comparison as follows: in Assumption 1, it is assumed that 
the 𝐾-values for the exoskeleton are equal to 𝐾-values for the body ሺ𝐾ா௫௢,௟௢௪௘௥ ൌ 𝐾஻௢ௗ௬,௟௢௪௘௥, 𝐾ா௫௢,௟௜௙௧ ൌ

𝐾஻௢ௗ௬,௟௜௙௧ሻ and 𝐾஻௢ௗ௬,௟௢௪௘௥ ൌ 𝐾஻௢ௗ௬,௟௜௙௧. Assumption 2 is similar to Assumption 1 except that 𝐾஻௢ௗ௬,௟௢௪௘௥ 

is considered to be 0.25𝐾஻௢ௗ௬,௟௜௙௧. In Assumption 3, it is assumed that the exoskeleton 𝐾-values are equal 

to box 𝐾-values ሺ𝐾ா௫௢,௟௢௪௘௥ ൎ 𝐾஻௢௫,௟௢௪௘௥, 𝐾ா௫௢,௟௜௙௧ ൎ 𝐾஻௢௫,௟௜௙௧ሻ while 𝐾஻௢௫,௟௢௪௘௥ ൎ 𝐾஻௢௫,௟௜௙௧. Finally, 

Assumption 4 is similar to Assumption 3 except that 𝐾஻௢௫,௟௢௪௘௥ is considered to be 0.25𝐾஻௢௫,௟௜௙௧. These 
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assumptions have been made due to our inability to determine the corresponding box and body 𝐾-values 
during lowering and lifting phases separately (i.e., 𝐾஻௢௫,௟௢௪௘௥, 𝐾஻௢௫,௟௜௙௧, 𝐾஻௢ௗ௬,௟௢௪௘௥, 𝐾஻௢ௗ௬,௟௜௙௧).  

Note that to calculate the 𝐾ா௫௢,௟௢௪௘௥ and 𝐾ா௫௢,௟௜௙௧ for freestyle lifting, the best-fit 𝐾஻௢௫ and 𝐾஻௢ௗ௬ 

values from Part C (i.e., without-exoskeleton conditions in our experiment) were used. For metabolic cost 

prediction of stoop and squat lifting in with-exoskeleton conditions (as a comparison to freestyle lifting, 
even though these were not experimentally tested), the best-fit 𝐾-values from Part A were used for 
calculation of 𝐾ா௫௢,௟௢௪௘௥ and 𝐾ா௫௢,௟௜௙௧. 

 

Results 

Experimental Results 
In our experiment, there were no significant changes in normalized metabolic cost (0% BW: p = 

0.980, 20% BW: p = 0.818) and oxygen consumption (0% BW: p = 0.612, 20% BW: p = 0.967) between 
the first and third steps. This confirmed that the subjects did not experience fatigue during the experiment. 
The two-way ANOVA results showed that the box weight and exoskeleton intervention both had significant 

fixed effects on normalized metabolic cost (box weight (p < 0.0001, 𝜂௉ଶ = 0.939), and exo intervention (p 

< 0.0001, 𝜂௉ଶ = 0.598)) and oxygen consumption (box weight (p < 0.0001, 𝜂௉ଶ = 0.938), and exo 
intervention (p < 0.0001, 𝜂௉ଶ = 0.586)). In other words, VT-Lowe's exoskeleton can significantly reduce 
metabolic cost and oxygen consumption during lifting of both box weights. Moreover, no significant 

interaction effects were observed between box weights and exoskeleton intervention for normalized 

metabolic cost (p = 0.423, 𝜂௉ଶ = 0.046) and oxygen consumption (p = 0.494, 𝜂௉ଶ = 0.034).  

Figure 2 depicts the plots of paired participant data for the normalized metabolic expenditure 

[Watts/kg] and mean oxygen consumption [L/min] for both box weights and exoskeleton intervention. 
Additionally, Table 1 provides the mean and standard deviation of the normalized metabolic expenditure 

and mean oxygen consumption, as well as the statistical findings of the paired t-test on the difference 
between with and without-exoskeleton conditions for both box weights. As shown in Figure 2 and Table 1, 
for both box weights, the mean normalized metabolic cost and oxygen consumption were reduced while 
wearing the exoskeleton.  
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Figure 2: Paired participant data for normalized metabolic expenditure and oxygen consumption, showing the 
median and interquartile range on each plot (N = 15; 13M & 2F). 

Table 1: The effect of exoskeleton on normalized metabolic cost (Watts/kg) and average V02 consumption (L/min). 
Note that in the paired t-test analysis (N = 15; 13M & 2F), the mean difference is defined as "without-exo minus 
with-exo." 

Exoskeleton 
Intervention 

0% BW Lifted 20% BW Lifted 

Without With 
Mean 

difference 
(95% CI) 

P-
value* Without With 

Mean 
difference 
(95% CI) 

P-
value* 

Normalized 
metabolic cost 

(Watts/kg) 

4.64 
(1.03) 

4.28 
(1.06) 

0.36 
(0.2-0.52) 

0.0003 
6.50 

(1.14) 
6.07 

(1.19) 
0.43 

(0.18-0.69) 
0.0025 

Average VO2 
consumption 

(L/min) 

1.08 
(0.22) 

0.98 
(0.20) 

0.097  
(0.047-
0.148) 

0.001 
1.51 

(0.25) 
1.39 

(0.25) 
0.117 

(0.049-0.186) 
0.002 
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Modeling Results 
We first present the results of modeling the metabolic reductions without an exoskeleton in order 

to validate our overall modeling approach. Table 2 shows the resulting 𝐾-values from the best-fit of 
the experimental results in (41, 81) to the model, for stoop and squat lifting at 10 lifts/min. Figure 
3 compares the predicted metabolic cost using Equation (1) and the coefficients in Table 2 with the 
experimental results in (81) and (41). Moreover, Table 3 illustrates the predicted and experimental results 
in (41, 81) and the accuracy of prediction for different external loads at 10 lifts/min. According to Figure 
3, the predicted values are very close to the measured values for all of the external loads. For example, for 
1 and 8.5 kg, the prediction error is within 1.8% of squat lifting and within 0.9% of stoop lifting. The 

prediction error is slightly higher for heavier external loads, up to 2.3% for squat lifting. Thus, by fitting 
only a few values, our model matches the experimental data for stoop and squat very accurately. 

 

Table 2: Calculated 𝐾-values for stoop and squat metabolic cost prediction. Note that the 𝐾-values for stoop and 
squat were obtained by fitting Equation (1) with the experimental data in Welbergen 1991 (81) (N = 9 Males) and 
Hagen 1994 (41) (N = 10 Males), while the 𝐾-values for freestyle lifting were obtained by fitting Equation (2) with 
the without-exoskeleton data from this experiment (N = 15; 13 M & 2 F).  

𝑲𝑩𝒐𝒅𝒚 𝑲𝑩𝒐𝒙 

Stoop Lifting Squat Lifting 
Freestyle 
Lifting 

Stoop Lifting Squat Lifting 
Freestyle 
Lifting 

3.85 4.48 4.31 10.67 13.26 14.30 

 
Table 3: Predicted metabolic cost vs. experimental results in Welbergen 1991 (81) (N = 9 Males) and Hagen 1994 
(41) (N = 10 Males) for stoop and squat lifting at 10 lifts/min, and predicted metabolic cost vs. experimental results 
from the no-exoskeleton condition in this experiment (N = 15; 13M & 2F). *Note that in this experiment, the 20% 
BW mass of 15.85kg was only lifted half of the time, and the other half of the time no box was lifted, for an average 
mass lifted of 7.93 kg.  Also note that in our experiment, the model perfectly fit the data because there were two free 
parameters in the model (𝑲𝑩𝒐𝒅𝒚, 𝑲𝑩𝒐𝒙) and two measurements (0% BW and 20% BW, both without the 
exoskeleton). 

Lift Style Study 
Mass Lifted 

[kg] 

Predicted 
Metabolic Cost 

[Watts] 

Experimental 
Metabolic Cost 

[Watts] 
% Error 

Stoop 
(10 lifts/min) 

Welbergen 
(1991)  

19 498.67 495.11 0.72 

Hagen 
(1994)  

1 289.18 286.66 0.88 
8.5 369.82 371.29 -0.40 
17 460.74 466.84 -1.31 

Squat 
(10 lifts/min) 

Welbergen 
(1991)  

19 647.67 662.47 -2.24 

Hagen 
(1994)  

1 380.75 387.67 -1.79 
8.5 495.52 491.42 0.83 
17 623.06 608.81 2.34 

Freestyle 
(12 complete 

lifts/min) 

This 
Experiment 

0 363.8 363.80 0.00 

7.93* 510.9 510.88 0.00 
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Figure 3: Predicted metabolic cost vs. experimental results in Welbergen 1991 (81) (N = 9 Males) and Hagen 1994 
(41) (N = 10 Males) for stoop and squat lifting at 10 lifts/min. 

 

Table 2 also shows the resulting 𝐾-values from the best-fit of our experimental results for 
freestyle lifting, and Table 3 also shows the predicted and experimental results for the current 
study.  Note that since our without-exoskeleton data consisted of two points (at 0% BW and 20% 
BW) and there are two parameters being fitted (𝐾஻௢ௗ௬ and 𝐾஻௢௫ for freestyle lifting), the prediction 

perfectly matches the experimental data.  The resulting 𝐾஻௢ௗ௬ and 𝐾஻௢௫ for freestyle lifting in our 

current study are 4.31 and 14.30, respectively. The 𝐾஻௢ௗ௬ value for freestyle lifting in our study is in 

between the 𝐾஻௢ௗ௬ values for stoop and squat (fit to data from other studies), while the 𝐾஻௢௫ value 

for freestyle lifting in our study is slightly (7.8%) larger than the squat 𝐾஻௢௫ fit to data from other 
studies. 

Table 4 shows the 𝐾ா௫௢,௟௢௪௘௥ and 𝐾ா௫௢,௟௜௙௧ used in predictions for freestyle, stoop, and squat 

lifting with our exoskeleton under Assumptions 1-4. The measured metabolic cost (freestyle) along 
with the metabolic cost predictions (stoop, squat and freestyle) are compared in Figure 4 (Assumptions 1 

and 2) and Figure 5 (Assumptions 3 and 4), using the 𝐾-values from Table 4.  In both Figures 4 and 5, 
the predicted metabolic costs (Assumptions 1 and 2) are shown with dashed lines whereas the experimental 
metabolic costs are depicted with solid lines. As shown in Figure 4, Assumptions 1 and 2 led to a very 
similar predicted metabolic cost values for each lifting type (see the percent difference in Table 5). This 
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was also the same in Figure 5 where the predicted metabolic cost using Assumptions 3 and 4 for each lifting 

type were close to each other. This was expected as the mechanical efficiency of our exoskeleton in energy 

storage and return is close to one (𝜂௘௫௢= 0.95) (19). For freestyle lifting in with-exoskeleton conditions, 
the predicted (i.e. with four assumptions explained above) and experimental metabolic cost values plus the 
corresponding percentage errors are summarized in Table 5. According to data collected by Chang and 
colleagues, the corresponding mean [range of 25th to 75th percentile] of 𝑋 (i.e., the mechanical work that 
exoskeleton stores during bending) for freestyle, squat, and stoop lifting were found to be 59.3 [42.2-73.1], 
51.5 [33.4-65.6], and 61.8 [44.9-79.7] Joules, respectively (see Table 3 in (19) for mean values of 𝑋). Since 
we did not directly measure 𝑋 in our current experiment, we assumed that 𝑋 could vary between the 25th 
and 75th percentile for each lifting type and hence we provided the corresponding metabolic cost predictions 

in Table 5. These ranges provide a sensitivity analysis for the prediction results. 

 

Table 4: Assumptions about values of 𝐾ா௫௢,௟௢௪௘௥ and 𝐾ா௫௢,௟௜௙௧ used in subsequent calculations for this experiment 
(N = 15; 13M & 2F).  

Lifting 
Type 

Assumption Sum Ratio 𝑲𝑬𝒙𝒐,𝒍𝒐𝒘𝒆𝒓 𝑲𝑬𝒙𝒐,𝒍𝒊𝒇𝒕 

Freestyle 

1 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢ௗ௬ 𝐾ா௫௢,௟௢௪௘௥ ൌ 𝐾ா௫௢,௟௜௙௧ 2.16 2.16 

2 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢ௗ௬ 𝐾ா௫௢,௟௢௪௘௥ ൌ 0.25 𝐾ா௫௢,௟௜௙௧ 0.86 3.45 

3 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢௫ 𝐾ா௫௢,௟௢௪௘௥ ൌ 𝐾ா௫௢,௟௜௙௧ 7.15 7.15 

4 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢௫ 𝐾ா௫௢,௟௢௪௘௥ ൌ 0.25 𝐾ா௫௢,௟௜௙௧ 2.86 11.44 

Squat 

1 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢ௗ௬ 𝐾ா௫௢,௟௢௪௘௥ ൌ 𝐾ா௫௢,௟௜௙௧ 2.24 2.24 

2 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢ௗ௬ 𝐾ா௫௢,௟௢௪௘௥ ൌ 0.25 𝐾ா௫௢,௟௜௙௧ 0.90 3.58 

3 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢௫ 𝐾ா௫௢,௟௢௪௘௥ ൌ 𝐾ா௫௢,௟௜௙௧ 6.63 6.63 

4 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢௫ 𝐾ா௫௢,௟௢௪௘௥ ൌ 0.25 𝐾ா௫௢,௟௜௙௧ 2.65 10.61 

Stoop 

1 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢ௗ௬ 𝐾ா௫௢,௟௢௪௘௥ ൌ 𝐾ா௫௢,௟௜௙௧ 1.93 1.93 

2 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢ௗ௬ 𝐾ா௫௢,௟௢௪௘௥ ൌ 0.25 𝐾ா௫௢,௟௜௙௧ 0.77 3.08 

3 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢௫ 𝐾ா௫௢,௟௢௪௘௥ ൌ 𝐾ா௫௢,௟௜௙௧ 5.33 5.33 

4 𝐾ா௫௢,௟௢௪௘௥ ൅ 𝐾ா௫௢,௟௜௙௧ ൌ 𝐾஻௢௫ 𝐾ா௫௢,௟௢௪௘௥ ൌ 0.25 𝐾ா௫௢,௟௜௙௧ 2.13 8.53 
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Figure 4: Measured metabolic cost (freestyle; N = 15; 13M & 2F) and predicted metabolic cost (stoop, squat and 
freestyle) for two box weights (0% and 20% BW) using Assumptions 1 and 2 (Assumption 1: exoskeleton's 𝐾-

values are equal to body 𝐾-values while 𝐾஻௢ௗ௬,௟௢௪௘௥ ൎ 𝐾஻௢ௗ௬,௟௜௙௧; Assumption 2: exoskeleton's 𝐾-values are equal 
to body 𝐾-values while 𝐾஻௢ௗ௬,௟௢௪௘௥ ൎ 0.25𝐾஻௢ௗ௬,௟௜௙௧) 

 

  
Figure 5: Measured metabolic cost (freestyle; N = 15; 13M & 2F) and predicted metabolic cost (stoop, squat and 
freestyle) for two box weights (0% and 20% BW) using Assumptions 3 and 4 (Assumption 3: exoskeleton's 𝐾-

values are equal to box 𝐾-values while 𝐾஻௢௫,௟௢௪௘௥ ൎ 𝐾஻௢௫,௟௜௙௧; Assumption 4: exoskeleton's 𝐾-values are equal to 
box 𝐾-values while 𝐾஻௢௫,௟௢௪௘௥ ൎ 0.25𝐾஻௢௫,௟௜௙௧)   
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Table 5: Experimental vs. predicted metabolic costs of lifting with the exoskeleton (at 6 lifts/min) for two box 
weights (0% and 20% of BW) (N = 15; 13M & 2F). The different prediction estimates are based on the 25th 
percentile, mean, and 75th percentile of exoskeleton stored energy in (19), as a sensitivity analysis for the model.  

Assumption 1: exoskeleton's 𝐾-values are equal to body 𝐾-values while 𝐾஻௢ௗ௬,௟௢௪௘௥ ൎ 𝐾஻௢ௗ௬,௟௜௙௧ 

Lifting 
Type 

Mass Lifted 
(% BW) 

Predicted Metabolic Cost 
[Watts] 

Average Experimental 
Metabolic Cost [Watts] 

% Error 

25th %ile Mean 75th %ile 25th %ile Mean 75th %ile 
Freestyle 0 341.77 327.39 315.78 334.41 2.20 -2.10 -5.57 

 20 490.32 475.93 464.32 474.99 3.23 0.20 -2.25 
Squat 0 386.06 370.25 357.94 

NA (No experimental data collected for stoop and squat 
lifting with exoskeleton) 

 20 543.59 527.78 515.47 
Stoop 0 275.67 262.98 249.53 

 20 374.64 361.94 348.50 
Assumption 2: exoskeleton's 𝐾-values are equal to body 𝐾-values while 𝐾஻௢ௗ௬,௟௢௪௘௥ ൎ 0.25𝐾஻௢ௗ௬,௟௜௙௧ 

Lifting 
Type 

Mass Lifted 
(% BW) 

Predicted Metabolic Cost 
[Watts] Average Experimental 

Metabolic Cost [Watts] 
% Error 

25th %ile Mean 75th %ile 25th %ile Mean 75th %ile 
Freestyle 0 342.32 328.16 316.72 334.41 2.36 -1.87 -5.29 

 20 490.86 476.70 465.27 474.99 3.34 0.36 -2.05 
Squat 0 386.51 370.94 358.82 

NA (No experimental data collected for stoop and squat 
lifting with exoskeleton) 

 20 544.04 528.48 516.35 
Stoop 0 276.19 263.69 250.45 

 20 375.16 362.66 349.42 

Assumption 3: exoskeleton's 𝐾-values are equal to box 𝐾-values while 𝐾஻௢௫,௟௢௪௘௥ ൎ 𝐾஻௢௫,௟௜௙௧ 

Lifting 
Type 

Mass Lifted 
(% BW) 

Predicted Metabolic Cost 
[Watts] Average Experimental 

Metabolic Cost [Watts] 
% Error 

25th %ile Mean 75th %ile 25th %ile Mean 75th %ile 
Freestyle 0 259.59 211.90 173.42 334.41 -22.37 -36.63 -48.14 

 20 408.13 360.45 321.96 474.99 -14.07 -24.11 -32.22 
Squat 0 328.89 282.09 245.64 

NA (No experimental data collected for stoop and squat 
lifting with exoskeleton) 

 20 486.42 439.62 403.17 
Stoop 0 216.01 180.86 143.62 

 20 314.98 279.82 242.59 

Assumption 4: exoskeleton's 𝐾-values are equal to box 𝐾-values while 𝐾஻௢௫,௟௢௪௘௥ ൎ 0.25𝐾஻௢௫,௟௜௙௧ 

Lifting 
Type 

Mass Lifted 
(% BW) 

Predicted Metabolic Cost 
[Watts] Average Experimental 

Metabolic Cost [Watts] 
% Error 

25th %ile Mean 75th %ile 25th %ile Mean 75th %ile 
Freestyle 0 261.40 214.45 176.55 334.41 -21.83 -35.87 -47.20 

 20 409.94 362.99 325.10 474.99 -13.69 -23.58 -31.56 
Squat 0 330.21 284.14 248.25 

NA (No experimental data collected for stoop and squat 
lifting with exoskeleton) 

 20 487.75 441.67 405.78 
Stoop 0 217.45 182.83 146.17 

 20 316.41 281.80 245.14 

 

Discussion 
The values of 𝐾஻௢ௗ௬ and 𝐾஻௢௫ are effectively the inverse of the biomechanical efficiencies of lifting 

the body and box, respectively, taking into account the entire body's motion including the contributions of 

passive structures. Computing 1/𝐾஻௢ௗ௬ results in 0.26, 0.22, and 0.23 for stoop, squat, and freestyle, 

respectively, while computing 1/𝐾஻௢௫ results in 0.094, 0.075, and 0.070 for stoop, squat, and freestyle, 
respectively. The values found for 1/𝐾஻௢ௗ௬ are largely similar to efficiencies found in previous studies: 

Gaesser and Brooks found work efficiencies between 0.19 and 0.27 for cycling, depending on the torque 
and speed (29); Ryschon et al. found efficiencies during cycling of 0.347 for eccentric force production and 
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0.150 for concentric force production, which average to 0.249 (68); Kamon found that climbing a ladder 
has an efficiency of 0.257 and descending one has an efficiency of 0.976 (46). A number of studies have 
examined the overall metabolic efficiency of lifting boxes, but these are not directly comparable as they 
combine the efficiencies of the body and box (25, 42, 69, 81), and relatively few other studies include lifting 
very light boxes which would only include the body term.   

The efficiency values corresponding to 1/𝐾஻௢ௗ௬ appear to be ~3 times that of 1/𝐾஻௢௫. The lower 

efficiency of 𝐾஻௢௫  could be due to needing to recruit more muscles to lift a load some distance from the 
body, co-contraction to maintain stability, or a decreased ability to store energy in elastic structures in the 

body when lifting a mass with the hands. We speculate that there could be a relatively wide range of 
possible values for both 𝐾஻௢ௗ௬ and 𝐾஻௢௫ depending on the specific lifting motions and posture. Prior work 

has shown that the metabolic cost of lifting boxes depends on the specific box shape (9) and also if the 
person is lifting a bag or a box (45), which should influence 𝐾஻௢௫. Similarly, we expect that 𝐾஻௢ௗ௬ will 

vary depending on if a person keeps their back straight or if they use passive structures in their back to 
support the load, on the extent to which they co-contract their muscles, and on the distribution of weight 
over their body; Garg found that males and females can have different lifting efficiencies (32). Trained 
lifters also likely have techniques to reduce the energetic cost of lifting. Finally, we note that these values 
may vary based on the lifting speed, particularly as lifts are done faster and the effects of the body's inertia 
may become more significant.    

Comparing the freestyle 𝐾-values fit to our current study with the 𝐾-values obtained from fitting 
the model to prior studies that did stoop and squat lifting (41, 81), the freestyle 𝐾஻௢ௗ௬ is between stoop and 

squat 𝐾஻௢ௗ௬, which is what we would expect since freestyle lifting kinematics are in between those 

of stoop and squat. However, the freestyle 𝐾஻௢௫ is 7.8% larger than the squat 𝐾஻௢௫; we would also 
expect this value to be between stoop and squat. Our larger value might be because in both (41) and 
(81), professional subjects were recruited for the experiments, whereas our experiment used a combination 
of experienced and novice lifters, which may result in some differences in lifting efficiency.  

As it is clearly evident in Figures 4 and 5, the metabolic cost prediction of freestyle lifting using 
Assumptions 1 and 2 ሺ𝐾ா௫௢ ൎ 𝐾஻௢ௗ௬ሻ is a much better estimate compared to the same prediction using 

Assumptions 3 and 4 ሺ𝐾ா௫௢ ൎ 𝐾஻௢௫ሻ. According to Table 5, the absolute estimation errors for freestyle 
prediction with Assumptions 1 and 2 are within 2.1% for 0% of BW and 0.4% for 20% of BW. However, 
using Assumptions 3 and 4 led to much higher prediction errors of up to 36.6% for 0% of BW and 24.1% 

for 20% of BW. Even if the stored energy (𝑋) in this experiment was in the 25th or 75th percentile 
of that measured in (19), Assumptions 1 and 2 still lead to vastly better predictions than 
Assumptions 3 and 4. According to Assumptions 1 and 2, the average predicted change in metabolic cost 
due to the exoskeleton, as calculated with Equation 5b, is about 35.3 Watts whereas the corresponding 

average measured change in metabolic cost is 32.6 Watts. This 8.3% difference is likely due to the fact that 
subjects received minimal training and adaptation to the exoskeleton before the test, although it could be 
due to the exoskeleton storing less energy than expected.   

Assuming that the exoskeleton's 𝐾-values equal the body 𝐾-values makes intuitive sense, since the 
exoskeleton is worn over the body and does not substantially change the body's kinematics, but instead 
augments the joint torques at the hip and lower back.  In the limit of an exoskeleton that completely offsets 

the weight of the torso during stoop lifting,  (𝑋 ൌ ห𝑊஻௢ௗ௬ห in Equation 3b), and with perfect energy return 

(𝜂௘௫௢ ൌ 1 in Equation 3b), using 𝐾ா௫௢ ൎ 𝐾஻௢ௗ௬ will result in canceling the body term exactly, while using 
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𝐾ா௫௢ ൎ 𝐾஻௢௫ will lead to a theoretically negative metabolic costs, which is of course not correct. Therefore, 
𝐾ா௫௢ ൎ 𝐾஻௢௫ is not a good assumption. 

In the model, a consequence of assuming that the body moves quasi-statically is that an exoskeleton 
that perfectly offsets the weight of the torso, with perfect efficiency, would lead to no net metabolic 
expenditure during stoop lifting. This is also clearly not the case, since lifting is not quasi-static and the 
body must accelerate and decelerate its mass and that of the box. Since the original 𝐾஻௢ௗ௬ and 𝐾஻௢௫ factors 

lump together the contributions from quasi-static changes in potential energy as well as the dynamic effects, 
it is reasonable that the 𝐾ா௫௢ factors would in fact be less than both of these, i.e. 𝐾ா௫௢ ൎ 𝐶𝐾஻௢ௗ௬ where 𝐶 

is a coefficient that is the contribution due to inertial effects and is less than one. The specific value of 𝐶 is 
likely between 0.93-0.97 for normal lifting speeds based on the fraction of total energy caused by the peak 
kinetic energy, as previously discussed (67, 72). With a value of 𝐶 in this range, so that 𝐾ா௫௢ ൏ 𝐾஻௢ௗ௬, our 

measured metabolic reductions would correspond even more closely to the predicted value. It is interesting 
that the observed metabolic cost reduction for 0% and 20% of BW are close to each other (absolute 
difference ~ 6.5 Watts) and thus appear to be independent of the external load. This is also predicted by 
Equation 5b, where ∆𝑀௅௜௙௧௜௡௚,ா௫௢ does not depends on |𝑊஻௢௫| and only depends on lifting frequency (𝐿), 

𝐾஻௢ௗ௬, 𝐾ா௫௢, |𝑊ா௫௢ெ௔௦௦|, 𝑋, and 𝜂௘௫௢. This result lends support to our model being accurate. 

If the exoskeleton's 𝐾-values equal the body 𝐾-values, then the metabolic benefit of a passive back 
support exoskeleton is not equivalent to having a "negative weight" box. Furthermore, since the 𝐾஻௢௫ values 
are so much larger than 𝐾஻௢ௗ௬ values, it seems that the dynamics of lifting are different when a person is 

lifting a box versus just their body. We speculate that if a person wore additional mass that was close-
fitting over their body, the value of 𝐾𝐸𝑥𝑡𝑟𝑎𝑀𝑎𝑠𝑠 would be close to 𝐾஻௢ௗ௬ instead of 𝐾஻௢௫. Consequently, 

since the exoskeleton is form-fitting over the body, then it is equivalent to having a negative mass that is 
form-fitting over the body. 

The other important concern is to judge how useful it is to have an exoskeleton with a high energy 

return, given our inability to determine the ratio of 𝑅ா௫௢ ൌ
௄ಶೣ೚,೗೔೑೟

௄ಶೣ೚,೗೚ೢ೐ೝ
. If the ratio is between 2 to 4, then 

the value of 𝜂௘௫௢ is very crucial because the metabolic cost of the lifting phase costs two to four times more 
than the metabolic cost in the lowering phase. To gain additional insight into this value, we fit our model 

to data in (22) and (30). In both of these experiments, participants either lifted or lowered a box, and the 
box was returned to its original height by other means (a powered mechanism or another person, 
respectively); details of the model fits and results are summarized in Appendix C. These experiments gave 

values of the ratio 𝑅஻௢௫ ൌ
௄ಳ೚ೣ,೗೔೑೟

௄ಳ೚ೣ,೗೚ೢ೐ೝ
 between 1.68 and 5.29. While 𝑅ா௫௢ is distinct from 𝑅஻௢௫, and 𝑅ா௫௢ 

is likely much closer to 𝑅஻௢ௗ௬ ൌ
𝐾𝐵𝑜𝑑𝑦,𝑙𝑖𝑓𝑡

𝐾𝐵𝑜𝑑𝑦,𝑙𝑜𝑤𝑒𝑟
, the ratio between the lifting and lowering efficiency is 

probably similar for the body, a lifted mass, and the exoskeleton since these are all related to the 
efficiency of concentric versus eccentric muscle contraction. While the experiments we fit to find 
𝑅஻௢௫ used a small number of participants (6 and 3, respectively, in (22) and (30)) and resulted in a wide 

range of values, it appears that 𝑅஻௢௫ is definitely greater than one. Further experimentation with a larger 

number of subjects will give additional insight into 𝑅஻௢௫, and experiments with an active exoskeleton 
that helps with either lifting or lowering will give insight into 𝑅ா௫௢. 
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Even with a rough estimate of the ratio, we can gain insight into how much an exoskeleton's 
efficiency matters. Supposing that 𝐾ா௫௢,௟௜௙௧ ൎ 3𝐾ா௫௢,௟௢௪௘௥, if our exoskeleton efficiency was 0.8 or 0.5 

instead of 0.95, we would expect metabolic reductions of 28.6 or 17.0 Watts instead of 34.3 Watts, 

respectively (these values are 83.2% and 49.7% of 34.3 Watts, respectively). Hence, if 𝑅ா௫௢~3, any 

reductions in exoskeleton efficiency almost directly translate into reductions in metabolic benefit, so it is 
very important to have an exoskeleton with high energy return. 

It should be noted that our study and modeling had several limitations. In the study, there was a 
relatively large variation in the metabolic results, even without the exoskeleton.  This may have been due 
to the fact that most participants were not experienced lifters. Also, participants had limited time to adapt 
to the exoskeleton, which may have affected the resulting metabolic reduction. Indeed, two participants had 
metabolic reductions close to zero, while the maximum reductions in metabolic cost and oxygen 
consumption achieved by a participant were approximately 200% higher than the mean values. Additional 
adaptation time may reduce the variation in measurements and result in a more accurate estimate of 
metabolic reduction. Additionally, the exoskeleton was not adjusted in strength to the different participants, 
and may have been too strong for the lightest participants given the short adaptation time. The modeling is 
also limited in that the 𝐾-values were calculated only for around 10 lifts/minute, and for lifts that were all 
roughly from the same starting height to knuckle height. The specific 𝐾-values and dynamics of lifting may 
be different for different lifting speeds or for lifting from or to different heights. Relatedly, we did not 
explicitly include terms in our model for the kinetic energy generated during a lift. However, even despite 
these limitations, the model is useful for making predictions about the effects of an exoskeleton on the 
metabolic cost of lifting.   

As discussed in the introduction, several earlier studies have already shown the capability of passive 
back support exoskeletons in reducing the activity of back and leg muscles during lifting tasks. However, 
very few studies are available that have quantified the metabolic savings that passive BSEs would provide 
for the wearers during lifting tasks (5, 7, 10, 11, 56, 82). Those studies reported that using passive BSEs 
could reduce the metabolic demands by up to 17% during symmetric (7, 10, 56) and by 5-6% during 
asymmetric (7) lifting tasks. Historically, Whitfield et al. published the very first study exploring the effect 
of an exoskeleton (i.e., PLAD) on oxygen consumption during symmetric lifting tasks. They concluded that 
use of PLAD had no significant effects on oxygen consumption, although significant reductions in activity 
of back muscles were reported (82). Recently, Alemi et al. showed that use of two passive BSEs (i.e., 
LaevoTM and SuitXTM) reduced the metabolic costs by 8.9% and 12.6%, respectively during repetitive 
symmetric lifting tasks (6.8 kg load, 5 mins of lifting at 5 lift/min, see Appendix C in (7)). Additionally, 
Madinei et al. also conducted a different lifting experiment with LaevoTM and SuitXTM and they showed 
that 9.5% and 13.6% metabolic savings provided by LaevoTM and SuitXTM, respectively, during symmetric 
lifting tasks in a standing posture (10% BW, 4 mins of lifting at 10 lift/min) (56). Lately, Baltrusch and 
colleagues performed two experiments to measure the “net” metabolic reductions (i.e., subtracting the 
resting metabolic cost from the total metabolic cost) provided by LaevoTM and SPEXOR during lifting tasks 
(10, 11). In their first study, they showed that the net metabolic demands were reduced by 8% with the low-
cam LaevoTM (i.e., LaevoTM supports the wearer at bending angles larger than 20º) and 16% with the high-
cam LaevoTM (i.e., LaevoTM supports the wearer at bending angles from 0-20º) during symmetric lifting 
from ankle height (10 kg load, 5 mins of lifting at 6 lift/min). In their second study, Baltrusch et al. 
quantified the muscle activity and net metabolic cost reductions provided by the SPEXOR exoskeleton and 
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they reported that SPEXOR provided a ~16% reduction in activity of back muscles and ~18% reduction in 
net metabolic demands during repetitive lifting tasks (10 kg load, 5 mins of lifting at 8 lift/min) (11).  

The results of our current study showed that VT-Lowe’s exoskeleton significantly reduced the total 
metabolic costs by ~8% and ~7% when lifting 0% (i.e., empty box) and 20% of BW (5). The resultant net 
metabolic cost reductions are ~12% and ~9% for an empty box and 20% BW box, respectively. Therefore, 
our measured metabolic cost reductions are similar in magnitude to the results reported in (7) and (56) 
where they measured the metabolic savings of the LaevoTM and SuitX BackXTM during repetitive lifting 
tasks. The net metabolic cost reduction of the VT-Lowe’s exoskeleton (~10%) is also comparable to the 
corresponding metabolic savings reported in (10) for the low-cam LaevoTM (~8%). In comparison with 
SPEXOR, the VT-Lowe’s exoskeleton showed a lower reduction in metabolic cost. This discrepancy could 
be due to several factors such as lifting frequency (6 lifts/min vs. 8 lifts/min), lifted weight (0% and 20% 
of BW vs. 10 kg), task duration (12 min vs. 5 min), not having optimized the amount of support for the VT-
Lowe’s exoskeleton, different freestyle lifting techniques performed by each participant, insufficient 
amounts of training, and exoskeleton design features.  

In general, we believe that 30-minute training with an exoskeleton is not enough time for suitable 
adaptation to an exoskeleton, although at this stage, it is still unknown how long of a training would be 
sufficient for full adaptation. Further work is necessary to develop a standardized methodology for 
exploring the dependence of metabolic cost on specific BSE design approaches (e.g., the torque-angle 
relationship) during various lifting tasks. 

Conclusions 
In this study, the metabolic cost and oxygen consumption results supported the hypothesis that the 

VT-Lowe's exoskeleton could reduce the metabolic demands and oxygen uptake during freestyle lifting. 
The exoskeleton revealed a significant metabolic reduction of 8% when lifting an empty box and 7% when 
lifting 20% of a person's body weight. In general, reductions in both metabolic expenditure and oxygen 
consumption lower the possibility of the fatigue for manual material handling workers and consequently, 
the exoskeleton will reduce the risk of injuries especially for tasks involving heavy or repeated lifting. 
Moreover, the reduction in the activity of back and leg muscles as reported in (6) combined with the 
reduction in metabolic cost and oxygen uptake from this paper present the VT-Lowe's exoskeleton as a 
promising passive back support exoskeleton.   

We also presented models of the metabolic cost reduction due to a passive BSE. Initially a 
metabolic cost prediction model was developed for without-exoskeleton conditions and the model was fitted 
with the experimental data in (81) and (41) and validated for stoop and squat lifting, at 10 lifts/min. Next, 
the prediction model was modified and fitted to the experimental results of the without-exoskeleton 

conditions in this study to calculate the effective biomechanical efficiency of box and body for freestyle 
lifting. The metabolic cost model was again modified and some terms were added to reflect the effect of 
an exoskeleton on metabolic cost. For metabolic cost prediction of with-exoskeleton conditions, four 
assumptions were made to calculate the exoskeleton's 𝐾-values. The modeling results demonstrated that 
much smaller estimation errors were obtained when the exoskeleton's 𝐾-values were set to be 
approximately equal to 𝐾஻௢ௗ௬.  

Of course, the specific 𝐾-values in the metabolic prediction model may need to be modified for 
each experimental design based on the specific lifting mechanics and other possible task elements in the 
experiment. Nevertheless, the prediction model provides a roadmap to improve our understanding about 
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the factors that significantly contribute to the metabolic cost savings from an exoskeleton, and its use can 
lead to improved designs for future lifting exoskeletons. While energy savings from metabolic reductions 
are important, a passive lifting exoskeleton's potential to reduce injuries (due to both reductions in muscle 
activity and metabolic fatigue) will likely be the most important benefit to the individuals wearing it.   
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Appendix A 

Table A: Average oxygen consumption and metabolic cost in Hagen 1994 (41) (N = 10 Males) and Welbergen 1991 
(81) (N = 9 Males) for stoop and squat lifting at 10 lifts/min. Note that to calculate the metabolic cost from oxygen 
consumptions, it was assumed that 1 L O2/min = 348.67 Watts. 

Study Lifting Type Mass Lifted [kg] Oxygen Consumption Metabolic Cost [W] 

Hagen (1994)  

Stoop 
1 10.5 [ml/(kg.min)] 286.66 

8.5 13.6 [ml/(kg.min)] 371.29 
17 17.1 [ml/(kg.min)] 466.84 

Squat 
1 14.2 [ml/(kg.min)] 387.67 

8.5 18 [ml/(kg.min)] 491.42 
17 22.3 [ml/(kg.min)] 608.81 

Welbergen (1991)  
Stoop 19 1.42 [L/min] 495.11 
Squat 19 1.9 [L/min] 662.47 
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Table B: Various parameters used to validate and predict the metabolic cost (i.e., energy expenditure) in Hagen 
1994 (41) (N = 10 Males), Welbergen 1991 (81) (N = 9 Males), and current study (without and with exoskeleton, N 
= 15; 13M & 2F). Ranges of values are given for the change in Body COM; these correspond to the height changes 
for an empty box and a 20% BW box, respectively. *In this experiment, the box was not held during half of the 
cycles, whereas in the other experiments it was held continuously. 12 complete cycles per minute is equivalent to the 
other studies when an empty box was used in this experiment. In the equations in this paper, L=6 was used since the 
equations include both the with-box and without-box portions. **The changes in body COM height for stoop and 
squat were only calculated for comparison to freestyle lifts. 

Parameters 
Hagen  
(1994)  

Welbergen 
(1991)  

Current Study 
(Without &With Exo) 

Avg. Body Mass [kg] 78.30 77.20 79.27 
Avg. Body Height [m] 1.80 1.82 1.74 

Mass Lifted [kg] 1, 8.5, 17 19 
0, 20% BW = 
0, 15.85* kg 

Lifting Frequency [lifts/min] 
10 complete 
cycles/min 

10 complete 
cycles/min 

12 complete 
cycles/min* 

Knuckle Height [m] 0.799 unknown 0.770 
Box Handle Height [m] 0.21 unknown 0.225 

Standing Metabolic Cost [W] 125.00 123.24 126.55 

Change in Box COM [m] 0.589 
0.663 (stoop), 
0.642 (squat) 

0.545 

Change in Body COM [stoop] [m] 0.312-0.327 0.320 0.289-0.302** 
Change in Body COM [squat] [m] 0.424-0.490 0.460 0.392-0.453** 

Change in Body COM [freestyle] [m] - - 0.354-0.392 
 

Table C: Best fit equation relating stature and knuckle height for males, fit to the ANSUR1 data from (38) (n=1774 
male subjects). Both Stature and Knuckle Height are in meters. 

Best Fit Line Equation [m] Knuckle Height = (0.5074×Stature) - 0.11414 

Table D: Equations relating the normalized change in height of a box to the normalized change in height of the 
body's COM. In the equations below, X refers to the normalized box height change (box height/person height) while 
Y refers to the normalized full-body COM height change (i.e., COM height/person height). These equations were 
used to calculate the vertical displacement of body COM for different lifting types (stoop, squat and freestyle) and 
box weights (0% and 20% BW). In this paper, the 0% BW equations were used for empty boxes or boxes less than 
or equal to 2.7kg, the 20% BW equations were used for box masses equal to or greater than 20% BW, and linear 
interpolation between the 0% BW equations and 20% BW equations was done for masses between 2.7kg and 
20% BW. The equations are taken from kinematics data measured in (72). 

Best Fit Line Equation  Stoop Squat Freestyle 
Lifting 0% BW Y = 0.5297X Y = 0.7192X Y = 0.6485X 

Lifting 20% BW Y = 0.5543X Y = 0.8315X Y = 0.7191X 

 

The knuckle height in Table B is calculated using a best-fit line to the raw data for males reported 
in (38) (Table C). The equation in Table C was used to calculate the knuckle height based on the 
corresponding average stature of the study if the actual knuckle height was not available.  



26 
 

Box handle height in Table B is the vertical distance between the bottom of the lifted weight and 
the weight handle. For this study and (41), the change in box COM is calculated by subtracting the handle 
height from the calculated knuckle height. Note that the knuckle height and box handle height were not 
known or needed in (81) since the paper reported the change in body heights directly, and the change in 
box heights was calculated based on other data in the paper.  

The change in vertical displacement of body COM for each lifting type is calculated using the 
equations in Table D. The equations in Table D provide the best fit lines which relate the normalized body’s 
COM height to the normalized change in box height lifting (note that body’s COM height and change in 
box height were normalized with respect to person’s height). The equations in the table were calculated 
from kinematics measurements in (72). 

 

Appendix B 

In this Appendix we discuss the physics of lowering and raising up while wearing an exoskeleton 
during a lift, and specifically how an exoskeleton can cause a metabolic reduction while lowering.  To 
analyze this, we first present raw data of the EMG of the back and stomach muscles during a complete 

lifting cycle similar to that performed in this paper.  This data is from the experiment conducted in (6), 
which used the same exoskeleton and lifting pattern as in this paper, but with four complete lifting 
cycles per minute instead of six as in this paper.  The EMG data is normalized by the maximum 
voluntary contraction (MVC), which was obtained by the subjects performing a series of isometric 
contractions against bracing that isolated the specific muscles.  Verbal encouragement was used 
during the contractions to obtain higher muscle activity.  After filtering the signals as detailed in 
(6), the peaks were used as the MVC values.  Both the without-exo and with-exo trials were 
normalized by the same MVC values. 

Figure A shows representative lifting cycles from two participants doing Stoop lifts, while 
Figure B shows representative lifting cycles from the same two participants doing Freestyle lifts.  
In each case, the participants lifted 20% of their bodyweight.  In the graphs, P1 was a male, 1.76 m 
tall and with a body mass of 82.3 kg, while P2 was a male, 1.69 m tall and with a mass of 73.3 kg.  EMG 
signals were used from these participants were selected because they had particularly clean (noise-free) 
EMG signals which are easier to interpret.  In the experiment, kinematics data was not synchronized with 
EMG data so the with-exo and without-exo conditions in the graphs were aligned by hand.  In each graph, 
the phases of the complete lifting cycle are indicated at the bottom, along with Roman numerals I-VII to 
refer to these phases in the text. 
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Figure A: Representative EMG signals from two individuals who performed a sequence of Stoop lifts in a pattern 

similar to that done during the metabolic experiments in this paper, both with and without the exoskeleton evaluated 
in this paper.  The muscles evaluated were the iliocostalis (IL), longissimus thoracis (LT), multifidus (M), and 

abdominal external obliques (AEO).  Different phases of the lifting and lowering cycle are noted along the x-axis, 
along with Roman numerals used to refer to them in the text. 
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Figure B: Representative EMG signals from two individuals who performed a sequence of Freestyle lifts in a pattern 
similar to that done during the metabolic experiments in this paper, both with and without the exoskeleton evaluated 

in this paper.  The muscles evaluated were the iliocostalis (IL), longissimus thoracis (LT), multifidus (M), and 
abdominal external obliques (AEO).  Different phases of the lifting and lowering cycle are noted along the x-axis, 

along with Roman numerals used to refer to them in the text. 

In both Figures A and B, the muscle activity of both the back and stomach muscles is initially at a 
baseline level to maintain posture (Phase I).  Just before the initiation of the first bend, the muscle activity 
of the back muscles dips for a moment (border between Phases I and II).  Presumably, a decrease in the 
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back muscle activity (while contracting the stomach muscles the same amount as before) will result in a 
small net torque towards the stomach, which would help accelerate the torso forward during the earliest 
stages of a bend.   

During the first bend, in which the subject is empty-handed, the back muscle activity increases 
relative to standing, and moreover it increases throughout the phase as the person bends down further.  This 
is to be expected because an inclined torso (which occurs in both Stoop and Freestyle) has an external 
torque due to gravity on it, which must be resisted by the back muscles.  This torso angle (and the 
corresponding torque) increases monotonically as the person bends down, and the back muscles can also 
be observed to increase monotonically.  

Comparing the with-exo and without-exo conditions, the back muscles are observed to decrease in 
magnitude substantially while wearing the exoskeleton, by more than 50% in some cases.  This occurs 
because the back exoskeleton creates a torque pushing the torso back toward vertical, so that a smaller 
torque from the back muscles maintains the balance of torques around the torso.  During the lowering 
period, participant P1 shows almost no change in stomach muscle activity, but with P2 a small increase can 
be observed toward the end of the lowering period (when the person's torso is bent forward the furthest and 
the exoskeleton's torque is highest).  The stomach muscle activity in P2 could be to stabilize the torso, since 
there is very little back muscle activity at this point, or potentially could act to pull against the exoskeleton 
if the exoskeleton's torque is larger than that required to support the torso at this posture.  However, note 
that the stomach muscles are not very active at all, with magnitudes less than 0.1 MVC, as compared to the 
longissimus thoracis and multifidus which are between 0.1-0.2 MVC in this phase of the lifting cycle.  We 
note that the small amount of stomach muscle activity in our experiment agrees with prior studies of 
stomach muscle activity during lifting, which found that both the rectus abdominis and abdominal external 
obliques have very small magnitudes (0.03-0.11 MVC) during repetitive lifting (60, 79). In our original 

study (6), the change in stomach muscle activity due to the exoskeleton over the entire lifting cycle was 
not found to be statistically significant.  If the decrease in back muscle activity was caused by the stomach 
muscles pulling against the exoskeleton, we would expect the change in stomach muscles to be very 
apparent; however, this was not observed. 

The beginning of the first rising up period (Phase III) corresponds to a slight dip then sharp increase 
in the back muscle activity.  During this phase, too, the exoskeleton reduces the back muscle activity, by 
roughly the same amount (in terms of the fraction of MVC) as during the lowering phase.  This is to be 
expected since the torque created by the exoskeleton (at each torso angle) is nearly the same during both 
lowering and lifting.  However, this is a smaller percentage of the overall muscle activity because the peak 
muscle activity is much higher during this period of rising up (more than 0.6 MVC for some muscles) than 
during the initial lowering (note that the person is lifting a 20% BW box, which increases the torque 
requirements around the torso).  Interestingly, the stomach muscles contract slightly at the beginning of the 
rising up period.  This may be to help stabilize the torso or to increase the intra-abdominal pressure, thereby 
creating some torque to support the back.  After the beginning of the lift, though, the stomach muscles have 
very little activity.   

During the Standing with Box period (Phase IV), the muscles in the back slowly decrease in 
magnitude.  Overall, the back muscles are contracted more than during the initial Standing period (Phase 
I).  This is because person must hold the box in front of them; this creates a small torque pulling their torso 
forward, which must be resisted by the back muscles. 
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When the person lowers the box again (Phase V), there is a slight dip in muscle activity just prior 
to the beginning of the lower, similar to the dip in back muscle activity before the lower in Phase II.  During 
the lower, the back muscle activity again increases relative to standing, and again increases throughout the 
phase as the person bends down further, similar to the lower in Phase II.  Also, throughout the lowering 
phase the stomach muscles increase in activity slightly, though the peak remains under 0.1 MVC.  Again, 
this may be to increase the body's stability or to create some torque through intra-abdominal pressure.  The 
exoskeleton does not appear to have any impact on the stomach muscle activity during this phase; indeed, 
during Freestyle lifting participant P1 has a slight increase in AEO activity but participant P2 has a decrease 
in AEO activity.   

The border between lowering the box and rising up again without the box is observed to have a 
slight dip in the back EMG signals, similar to the dip between lowering without the box and lifting the box.  
Subsequent to this dip, the back muscles decrease in activation as the person stands up again and the external 
gravitational torque on their torso decreases.  As with all of the other lowering and lifting phases, the back 
exoskeleton causes a decrease in muscle activity.   

To further understand the effect of a back support exoskeleton on the torques on the torso and the 
activity of the stomach and back muscles, we present a very simplified view of a Stoop lift in Figure C.  In 
the diagram, we show cartoons of the torques on the torso due to gravity, the muscles, and a possible 
exoskeleton, and we discuss how the exoskeleton's torque affects the back and stomach muscle activity. 
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Figure C: Diagrams of a person doing a very simplified Stoop lift.  The first row shows the forces on the torso and 
the rough activity of the back and stomach muscles during quasi-static lowering without an exoskeleton.  The 

second row shows how those forces and muscle activity are altered with the addition of a weak or moderate-strength 
back support exoskeleton that provides a torque less than the torque required to support the torque on the torso due 

to gravity.  In order for the sum of torques about the hip to remain close to zero, the back muscles reduce their forces 
and the stomach muscles remain largely inactive.  The third row shows the forces and approximate muscle activity if 
a person wears a back support exoskeleton with a stiff spring that provides more torque than that required to support 

the torso.  In this case, the back muscles reduce their activity to be close to zero and the stomach muscles must 
contract to achieve force balancing.  In each part of the diagram, arrows for torques were drawn with different 

thicknesses to indicate different magnitudes (thinner lines correspond to smaller torques). 
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In our example stoop lift, the person's legs remain vertical and they bend their torso forward about 
their hips (Figure C(a)).  The torso (including head and arms) is assumed to have a total mass 𝑚௧௢௥௦௢ which 
is centered at a distance 𝑟௧௢௥௦௢ above the hip joint.  When the person is standing vertically as drawn, their 
torso has an initial potential energy of  

𝑃𝐸଴ ൌ  𝑚௧௢௥௦௢ 𝑔 𝑟௧௢௥௦௢ 

relative to the height of the hip. 

We next consider the forces on the body when the person leans forward and remains in a bent 
posture in static equilibrium (Figure C(b)).  Gravity always pulls down on the person's torso mass with a 
force 𝐹௚ ൌ 𝑚௧௢௥௦௢  𝑔.  When a person bends forward by an angle 𝜃, the person's torso and consequently this 

force are in front of their hip by a distance 𝑙௙௢௥௪௔௥ௗ ൌ 𝑟௧௢௥௦௢ sin𝜃.  This horizontal offset of the 

gravitational force vector causes a torque around the hip: 

𝑇௧௢௥௦௢ ൌ  𝑙௙௢௥௪௔௥ௗ  𝐹௚ ൌ  𝑟௧௢௥௦௢ sin𝜃𝑚௧௢௥௦௢ 𝑔 . 

At the position drawn, the torso mass has a potential energy relative to the hip of  

𝑃𝐸 ൌ  𝑚௧௢௥௦௢ 𝑔 ℎ ൌ  𝑚௧௢௥௦௢ 𝑔 𝑟௧௢௥௦௢ cos𝜃 . 

At this posture, we now consider the activity of the back and stomach muscles (Figure C(c)).  The back 
muscles are located posterior to the hip joint by a distance 𝑟௕௔௖௞௠௨௦௖௟௘௦, and create a force 𝐹௕௔௖௞௠௨௦௖௟௘௦ 
when they contract.  This force and displacement combine to create a counterclockwise torque about the 
hip, 𝑇௕௔௖௞௠௨௦௖௟௘௦ ൌ 𝑟௕௔௖௞௠௨௦௖௟௘௦ 𝐹௕௔௖௞௠௨௦௖௟௘௦.  For the torso to remain in static equilibrium, the 
counterclockwise torque from the back muscles contracting must be equal in magnitude to the torque from 
gravity on the torso, which is pulling in the clockwise direction: 

෍𝑀௛௜௣ ൌ 0:  𝑇௧௢௥௦௢ െ  𝑇௕௔௖௞௠௨௦௖௟௘௦ ൌ 0    ⟹     𝑇௧௢௥௦௢ ൌ  𝑇௕௔௖௞௠௨௦௖௟௘௦ . 

In our simple model, this means that the back muscles have a force 
𝐹௕௔௖௞௠௨௦௖௟௘௦ ൌ  𝑇௕௔௖௞௠௨௦௖௟௘௦ 𝑟௕௔௖௞௠௨௦௖௟௘௦⁄  . 

Note that the stomach muscles do not need to contract here (shown in gray in Figure C(c)) since they are 
pulling in the same direction as 𝑇௧௢௥௦௢; if they did contract, the back muscles would have to increase their 
force in order to maintain static equilibrium around the hip joint.  This is in accordance with the studies 
showing that the stomach muscles are not very active during lifting (60, 79). 

Finally, if the person bends 90° at the waist, the torso mass now has a potential energy of 𝑃𝐸 ൌ 0 
relative to the hip, since it is at the same height as the hip.  In this case, all of the potential energy that the 
person's torso had when it was perfectly upright has been lost (turned into heat).   

We now present a very simplified model of a back exoskeleton, illustrated in the second row of 
Figure C.  The exoskeleton has a hinge collocated with the hip joint, is secured to the body at the torso, 
thighs, and pelvis (not shown in the Figure), and creates torque between the torso segment and leg segment 
via a torsional spring located at the hip.  When the person is standing vertically (𝜃 ൌ 0), as in Figure C(d), 
the spring is at its rest length, creates no torque (𝑇௦ ൌ 0), and has no stored potential energy (𝑃𝐸௦ ൌ 0) . 

If the person then bends forward at the waist by an angle 𝜃, the spring in the exoskeleton extends, 
creating a torque 𝑇௦ ൌ 𝑘௦ 𝜃 that is in the counterclockwise direction, opposing the torso torque 𝑇௧௢௥௦௢.  This 
is shown in Figure C(e).  There, 𝑇௦ is drawn with a smaller, thinner line than 𝑇௧௢௥௦௢; this is because its 
magnitude is assumed to be smaller than 𝑇௧௢௥௦௢:  𝑇௦ ൏ 𝑇௧௢௥௦௢.  𝑇௦ being smaller than 𝑇௧௢௥௦௢ is true for all 
current passive back exoskeletons to our knowledge. 
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At the position drawn, the torso mass has a potential energy of 𝑃𝐸 ൌ  𝑚௧௢௥௦௢ 𝑔 𝑟௧௢௥௦௢ cos𝜃 as 
before.  Now, the exoskeleton spring has a potential energy of 𝑃𝐸௦ ൌ ଵ

ଶൗ  𝑘௦𝜃ଶ.  Its energy came from the 
loss of potential energy of the torso: some of the initial potential energy is transferred to potential energy 
in the spring.  This is similar to many spring-powered passive gravity compensation mechanisms for a mass 
on an arm at some radius from a joint, where a single spring (possibly in conjunction with a non-circular 
pulley) can perfectly offset the weight of the mass (26, 66).  These mechanisms take great care to create a 
torque with the spring and linkage that perfectly matches the torque due to gravity on the mass, and as a 
result the compensated mass appears "weightless" in all possible arm angles.  With an exoskeleton, we do 
not have a very precise equation for the torque required to support the torso, so current exoskeletons provide 
a weaker torque than that required to support the torso.  This strategy also allows the exoskeletons to fit on 
individuals with a range of torso masses.  We note that the torque provided by an exoskeleton is a function 
of the torso angle, similar to the gravity compensation system: with the torso inclined forward only slightly, 
the torque is smaller than the torque when the torso is nearly horizontal.  

Looking now at the back and stomach muscle activity in Figure C(f), we observe that since the 
exoskeleton torque is counteracting 𝑇௧௢௥௦௢ but has a smaller magnitude than  𝑇௧௢௥௦௢, the back muscles must 
still engage to create a counterclockwise torque about the hip.  The total torque of exoskeleton plus body 
muscles must equal the 𝑇௧௢௥௦௢ for static equilibrium: 

෍𝑀௛௜௣ ൌ 0:  𝑇௧௢௥௦௢ െ  𝑇௕௔௖௞௠௨௦௖௟௘௦ െ 𝑇௦ ൌ 0    ⟹     𝑇௧௢௥௦௢ ൌ  𝑇௕௔௖௞௠௨௦௖௟௘௦ ൅ 𝑇௦ . 

Now, the forces on the back muscles are somewhat decreased: 

𝑇௕௔௖௞௠௨௦௖௟௘௦ ൌ 𝑇௧௢௥௦௢ െ 𝑇௦ 

𝐹௕௔௖௞௠௨௦௖௟௘௦ ൌ  ሺ𝑇௧௢௥௦௢ െ 𝑇௦ሻ 𝑟௕௔௖௞௠௨௦௖௟௘௦⁄  

This is smaller than the force without the exoskeleton, but is still positive (i.e., the back muscles 
still need to contract) since  𝑇௧௢௥௦௢ ൐ 𝑇௦.  Indeed, this is what is observed in Figures A and B.  There, the 
back muscles decrease in activation while the person is lowering (Phase II).  Even though the muscles are 
extending eccentrically, they still require some energy to produce force.  Thus, metabolic savings can occur 
if the back muscles decrease in force.  We also note that the stomach muscles still do not need to contract 
in this circumstance (shown in gray in the picture), since the exoskeleton torque 𝑇௦ is smaller than the torque 
required to support the torso.  If the stomach muscles contracted, then the back muscles would need to 
increase in force to maintain static equilibrium.  This co-contraction may be useful to increase the torso's 
stability, but does not seem occur to a significant extent in practice (Figures A and B). 

Finally, if the person bends 90° at the waist, the torso mass again has a potential energy of 𝑃𝐸 ൌ 0 
relative to the hip.  The exoskeleton spring now has 𝑃𝐸௦ ൌ ଵ

ଶൗ  𝑘௦𝜃ଶ with 𝜃 ൌ 90°.  This stored energy is 

less than that lost by the torso moving downward, i.e. 𝑃𝐸௦ ൏ 𝑃𝐸଴, since the exoskeleton had a 
comparatively weak spring.   

We next consider what happens if there is an extremely stiff exoskeleton, illustrated in the third 
row of Figure C.  This exoskeleton has a spring constant of 𝑘௦,௦௧௜௙௙ ≫ 𝑘௦.  As before, when the person is 

standing upright the spring is at its rest length, the exoskeleton creates no torque (𝑇௦,௦௧௜௙௙ ൌ 0) and has no 

stored potential energy (𝑃𝐸௦,௦௧௜௙௙ ൌ 0). 

Again, if the person bends forward (Figure C(h)), the spring in the exoskeleton extends, creating a 
torque 𝑇௦,௦௧௜௙௙ ൌ 𝑘௦,௦௧௜௙௙  𝜃 that opposes the torso torque 𝑇௧௢௥௦௢.  Note that 𝑇௦,௦௧௜௙௙ is drawn with a larger, 
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thicker line than 𝑇௧௢௥௦௢; this is because now, with the stiff spring, its magnitude is larger than 𝑇௧௢௥௦௢: 
𝑇௦,௦௧௜௙௙ ൐ 𝑇௧௢௥௦௢.  No current passive back exoskeletons have a spring this stiff. 

At the position drawn, the torso mass has a potential energy of 𝑃𝐸 ൌ  𝑚௧௢௥௦௢ 𝑔 𝑟௧௢௥௦௢ cos𝜃 as 
before.  Now, the exoskeleton spring has a potential energy of 𝑃𝐸௦,௦௧௜௙௙ ൌ ଵ

ଶൗ  𝑘௦,௦௧௜௙௙𝜃ଶ.  Since the spring 

is stiff, its stored energy is now greater than that lost by the torso:  

𝑃𝐸௦,௦௧௜௙௙ ൐ ሺ𝑃𝐸଴ െ 𝑃𝐸ሻ . 

Since the exoskeleton torque now has a larger magnitude than 𝑇௧௢௥௦௢, the stomach muscles must 
now contract to create static equilibrium.  The total torque of exoskeleton plus muscles must still equal 
𝑇௧௢௥௦௢ for static equilibrium.  But now, the stomach muscles create a torque in the clockwise direction so 
we get: 

෍𝑀௛௜௣ ൌ 0:  𝑇௧௢௥௦௢ ൅  𝑇௦௧௢௠௔௖௛௠௨௦௖௟௘௦ െ 𝑇௦,௦௧௜௙௙ ൌ 0 

⟹    𝑇௦,௦௧௜௙௙ ൌ  𝑇௧௢௥௦௢ ൅ 𝑇௦௧௢௠௔௖௛௠௨௦௖௟௘௦ . 

Since the exoskeleton torque with the stiff spring is more than that required to support the torso, 
the back muscles do not need to contract.  If they did, they would require the stomach muscles to contract 
even more. 

Finally, if the person bends 90° at the waist, the torso mass again has a potential energy of 𝑃𝐸 ൌ 0 
relative to the hip.  The exoskeleton spring now has a stored potential energy of 𝑃𝐸௦,௦௧௜௙௙ ൌ ଵ

ଶൗ  𝑘௦,௦௧௜௙௙𝜃ଶ 

with 𝜃 ൌ 90°.  With the stiff spring, the stored energy is now more than that lost by the torso moving 
downward, i.e. 𝑃𝐸௦,௦௧௜௙௙ ൐  𝑃𝐸଴.  The extra energy in this case was contributed by the stomach muscles 

contracting. 

Of course, we have made a large number of simplifying assumptions in this model.  First, thus far 
we have considered everything to be quasi-static, i.e. that the system was moving slowly enough that the 
dynamics of the system could be ignored.  This quasi-static assumption is indeed generally correct for 
lifting: people move relatively slowly, and the kinetic energy of the system does not play a large part in the 
total system energy, as discussed at the end of Modeling Part A.  Overall, the torso does have inertia and 
there is damping due to the structures around the waist.  If a person had no muscle activity in their back or 
stomach and their torso was left to fall over under the influence of gravity, it would move with some 
characteristic velocity versus time.  If the person were to bend more slowly than this, then the back muscles 
must be used to arrest the fall, and lower the person's torso gradually by creating a counterclockwise torque.  
This quasi-static motion is what happens in practice when people bend down to pick something up, and 
what was modeled in the preceding pages of this discussion.  If the person were to bend more quickly than 
this, then the stomach muscles must be used to accelerate the torso toward the floor more quickly than it 
would fall naturally, with a clockwise torque. 

While overall the lifting motion is quasi-static, we do observe some small changes in muscle 
activity (even without the exoskeleton) that probably contribute to the torso accelerating forward before 
each lower (the dips in back muscle activity before each lower) and to either stabilization or acceleration at 
the deepest portion of the bend (the small increases in stomach muscle activity there).  However, these are 
quite small compared to the overall activity of the back muscles (and hip extensors such as the biceps 
femoris) that create torques on the torso, and as such do not present significant errors in our model.  

Additionally, our simplified model is only for a stoop lift style and assumes that the lower body 
essentially is held in place vertically.  In practice, for quasi-static motions a person must control the location 
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of their whole-body center of mass so that it remains within the support polygon made by their feet; this 
corresponds to moving forward and backward a small amount.  Similarly, for freestyle and squat lifting the 
knees bend a substantial amount during lifting.  With an exoskeleton, the torque is a function of the angle 
from the shoulders to the hips to the knees, not the torso angle itself.  Thus, an exoskeleton bends more 
during squat and freestyle lifts than during stoop lifts, and has a consequently higher torque and stored 

energy (19).  However, our overall analysis of the torques on the torso is the same in all cases.  The extra 
torque from the exoskeleton during Freestyle lifting as compared to Stoop lifting is what leads to greater 

reductions in back muscle activity for Freestyle lifting as compared to Stoop lifting (see (6) for a study with 
the exoskeleton evaluated in this paper; this can also be observed in Figures A and B). 

As a final note, since the exoskeleton is using the torso's potential energy as the energy source for 
its stored energy, the exoskeleton only works properly if the person's torso is initially upright and they lean 
forward.  This is what occurs during lifting in practice, when a person bends forward to reach an object.  
For comparison, if a person lies down on the floor and then does a sit-up while wearing an exoskeleton, the 
person will have to contract their stomach muscles more than they normally would and fight against the 
exoskeleton.  This is because the torque on the torso due to gravity is pulling their torso toward the ground, 
which in this case is also how the exoskeleton is pulling on the torso (the exoskeleton tries to pull the torso 
to be in line with the thighs). 

Appendix C 

In studies (22) and (30) , participants either lifted or lowered a box, and the box was returned to its 
original height by other means (a powered mechanism or another person, respectively). While both 
experiments used small numbers of subjects (N=6 in (22) and N=3 males in (30)), they can provide some 

insight into the ratio 𝑅஻௢௫ ൌ
௄ಳ೚ೣ,೗೔೑೟

௄ಳ೚ೣ,೗೚ೢ೐ೝ
. The study by (22) used freestyle lifting and resulted in best-fit values 

of 𝐾஻௢ௗ௬ = 6.06, 𝐾஻௢௫,௟௜௙௧ = 7.02, and 𝐾஻௢௫,௟௢௪௘௥ = 4.17. The sum of 𝐾஻௢௫,௟௜௙௧ and 𝐾஻௢௫,௟௢௪௘௥ is 𝐾஻௢௫ = 

11.19, and their ratio 𝑅஻௢௫ is 1.68. The study by (30) used both stoop and squat lifting. Stoop lifts had best-
fit values of 𝐾஻௢ௗ௬ = 2.75, 𝐾஻௢௫,௟௜௙௧ = 9.27, 𝐾஻௢௫,௟௢௪௘௥ = 2.45; this corresponds to 𝐾஻௢௫ = 11.73 and 𝑅஻௢௫ 

= 3.78.  Squat lifts had best-fit values of 𝐾஻௢ௗ௬ = 3.12, 𝐾஻௢௫,௟௜௙௧ = 9.79, 𝐾஻௢௫,௟௢௪௘௥ = 1.85; this corresponds 

to 𝐾஻௢௫ = 11.64 and 𝑅஻௢௫ = 5.29. These results and the 𝐾-values from the other studies mentioned in this 
paper are in Table A for ease of comparison, and plots of the predicted versus experimental data are in 
Figures D, E, and F. 

The values of 𝐾஻௢ௗ௬ in (22) and (30) differ somewhat from the values in the previous experiments. 

This is likely due to the smaller sample sizes in those experiments, or possibly is due to different postures 
used to lift and lower the load. In (22), a barbell was used to hold the weight, and participants paused at the 
bottom of the lift for ~0.5 seconds. The metabolic cost of lifting in that study is much greater than that in 
any of the other studies referenced in this paper, for unknown reasons. In (30), the participants also pushed 
the object onto a table, which was not considered in the model, but would be a roughly constant value that 
would be included in 𝐾஻௢ௗ௬. However, in both experiments the values of 𝐾஻௢௫ are fairly similar to the other 

experiments discussed in this paper (~11.2-11.7, as compared to 10.7-14.3). Unfortunately, the estimated 
ratios 𝑅஻௢௫ vary substantially between the experiments, from 1.68 to 5.29. It appears that the ratio is 
definitely greater than one, however. Further experimentation with a larger number of subjects will give 
more insight into this value. 
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Table A: Summary of the 𝐾-values for different experiments as well as the number of subjects and lifting 
frequencies used in each experiment. 

 
K-value 

Hagen (1994), 
Welbergen (1991) 

Current study Garg (1976) De Looze (1994) 

No. Subj.  10 M, 9 M 15 (13M & 2F) 3 M 6 M 
Lift Freq.  10, 10 12* 4, 8, 12 12.76 

Stoop 

𝐾஻௢ௗ௬ 3.85  2.75  

𝐾஻௢௫  
(Lift, Lower) 

10.67  
11.73  

(9.27, 2.45) 
 

Squat 

𝐾஻௢ௗ௬ 4.48  3.12  

𝐾஻௢௫  
(Lift, Lower) 

13.26  
11.64 

(9.79, 1.85) 
 

Freestyle 

𝐾஻௢ௗ௬  4.31  6.06 

𝐾஻௢௫ 
(Lift, Lower) 

 14.30  
11.19 

(7.02, 4.17) 

 

  

Figure D: Predicted metabolic cost vs. experimental results in (22) for freestyle lifting at 12.76 lifts/min (N = 6 
Males). The experimental data from this paper (N = 15; 13M & 2F) is plotted for comparison; the point for 20% BW 
mass is plotted at 7.93 kg = 15.85 kg/2 since the weighted box was only held for half of the complete lifting cycle. It 
is unknown why the metabolic cost of lifting in the De Looze paper is substantially higher than all of the other data 
mentioned in this paper. The higher metabolic cost corresponds to a larger value of 𝐾஻௢ௗ௬. 
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Figure E: Predicted net metabolic cost vs. experimental results in (30) for stoop and squat lifts and lowers at 4, 8, 
and 12 lifts/min (N = 3 Males). Note that this is the net metabolic expenditure, which does not include the metabolic 
cost of resting.  
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Figure F: Comparison between the normalized experimental results from (30) and the normalized predicted values 
(N = 3 Males). In this plot, the net metabolic expenditure (that is, excluding resting) is normalized with respect to 
the lift frequency (𝐿 = 4, 8, 12 lifts per minute) so that the different lifting frequencies align. The solid 
(experimental) and dashed (predicted) lines pass through the average of the normalized data for each condition. 
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