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Abstract 18 

The purpose of this study was to examine the effect of increasing exercise intensity on the 19 

role of joint powers in ergometer double poling (DP), while taking specific dynamic 20 

constraints into account. One main question was whether lower-body power contribution 21 

increased or decreased with increasing intensity. Nine male Norwegian national-level cross-22 

country skiers performed ergometer DP at low, moderate, high and maximal intensity. 23 

Kinematics, and ground (GRF) and poling (Fpoling) reaction forces were recorded and used in 24 

link segment modeling to obtain joint and whole-body dynamics. Joint powers were averaged 25 

over the cycle, the poling (PP) and recovery (RP) phases. The contribution of these average 26 

powers was their ratios to cycle average poling power. At all intensities, the shoulder (in PP) 27 

and hip (mostly in RP) generated most power. Averaged over the cycle, lower-body 28 

contribution (sum of ankle, knee and hip power) increased from ~37% at low to ~54% at 29 

maximal intensity (p<0.001), originating mostly from increased hip contribution within PP, 30 

not RP. The generation of larger Fpoling at higher intensities demanded a reversal of hip and 31 

knee moment. This was necessary to appropriately direct the GRF vector as required to 32 

balance the moment about center of mass generated by Fpoling (control of angular momentum). 33 

This was reflected in that the hip changed from mostly absorbing to generating power in PP at 34 

lower and higher intensities, respectively. Our data indicate that power-transfer rather than 35 

stretch-shortening mechanisms may occur in/between the shoulder and elbow during PP. For 36 

the lower extremities, stretch-shortening mechanisms may occur in hip, knee and trunk 37 

extensors, ensuring energy conservation or force potentiation during the countermovement-38 

like transition from body lowering to heightening. In DP locomotion, increasing intensity and 39 

power output is achieved by increased lower-body contribution. This is, at least in ergometer 40 

DP, partly due to changes in joint dynamics in how to handle dynamic constraints at different 41 

intensities. 42 
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 45 

Introduction 46 

In most cross-country (XC) skiing techniques, forward motion is made possible by generation 47 

of propulsive forces applied to the ground by the skier through the poles and skis. As such, 48 

transformation of power generated by muscle to external power and speed relies on 49 

coordinated interaction between the joints and segments of both the upper and lower body 50 

(e.g., Holmberg, Lindinger, Stöggl, Eitzlmair, & Müller, 2005; Lindinger, Holmberg, Müller, 51 

& Rapp, 2009; Lindinger, Stöggl, Müller, & Holmberg, 2009). Double poling (DP), one of 52 

the main classical style XC skiing techniques, is the only technique in which propulsive forces 53 

are applied solely through the poles. This is because in DP the skis continuously glide, 54 

whereby only motion-resisting friction forces occur between skis and surface and it is not 55 

possible to produce thrust in the forward direction. The same principle applies to DP on an 56 

ergometer (e.g., the Concept2 SkiErg frequently used in XC ski training): although the athlete 57 

stands on a full friction surface (ground), external poling power (Ppoling) is finally produced 58 

through a set of ropes resisted by an external device (see e.g., Danielsen, Sandbakk, 59 

Holmberg, & Ettema, 2015). Therefore, upper body work is accentuated in DP (e.g., Dahl, 60 

Sandbakk, Danielsen, & Ettema, 2017; Danielsen et al., 2015; Holmberg et al., 2005). Still, 61 

via a transfer of body mechanical energy (Ebody), Ppoling can to a large extent originate from 62 

energy generated by lower body muscles (see Danielsen et al., 2015).  63 

We previously showed that, in ergometer DP, work done by the extending lower body 64 

is mainly done in the recovery phase (RP), which increases Ebody (Danielsen et al., 2015). As 65 

the center of mass (CoM) is lowered and the body rotated forward in the following poling 66 

phase (PP), part of this Ebody is transferred to external ergometer work (i.e., one ‘falls’ on the 67 
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ropes). It was estimated that ~66% and ~53% of net muscle work over the movement cycle 68 

was done in the RP at low and maximal intensity, respectively, presumably by lower body 69 

muscles. Accordingly, the remainder should originate from upper body work, which directly 70 

leads to Ppoling.  71 

The estimation that more than 50% of net muscle work was done by the lower body 72 

was based on the assumption that the PP and RP separate work done by the upper and lower 73 

body, respectively. However, this amount did not increase but rather decreased when intensity 74 

increased, which is in disagreement with e.g., Bojsen-Møller et al. (2010), Rud et al. (2014) 75 

and Zoppirolli et al. (2016). They found that increasing both ergometer and skiing DP 76 

intensity relied more upon increased lower than upper body involvement. Of course, the 77 

assumption made in the previous investigation (Danielsen et al., 2015) might not be correct; 78 

the amount of work done by the upper and lower body does not necessarily correspond to the 79 

poling-recovery division. For example, repositioning of the body through trunk, hip, and knee 80 

extension start slightly before the end of PP (Danielsen et al., 2015; Holmberg et al., 2005).  81 

In Danielsen et al. (2015) it was also assumed that most of the decreasing Ebody during 82 

PP was used directly for propulsion. However, at the start of PP a small but significant part 83 

was absorbed by muscles, most likely in the lower extremity. This raised the question of 84 

whether lower body muscle-tendons store and reutilize mechanical energy in stretch-85 

shortening cycles (SSC) in the countermovement-like action that is the immediate transition 86 

from body lowering to heightening. An inverse dynamics analysis is needed to elucidate these 87 

issues. 88 

An analysis of dynamics may also shed light on an often overlooked issue in DP, 89 

which is the need to control changes in body angular momentum by appropriately balancing 90 

the net moment about the CoM. The generation of oblique poling forces (Fpoling) poses 91 

specific requirements on the moment about CoM generated by the ground reaction force 92 
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(GRF) of the lower extremity, which must counteract the moment generated by Fpoling. This 93 

dynamic constraint demands specific joint moments and powers generated by appropriate 94 

coordination, which may be affected by intensity. 95 

Accordingly, the main purpose of this study was to examine the effect of increasing 96 

exercise intensity on the role of joint powers in ergometer DP. In particular, we re-examined 97 

the relationship between lower-body power contribution and DP intensity. We hypothesized 98 

that, given our earlier findings (Danielsen et al., 2015), in case the relationship is positive it 99 

should coincide with considerable work done by the lower body during PP. Moreover, taking 100 

specific dynamic constraints into account, we aimed to further our understanding of DP 101 

energetics and dynamics with regard to joint power generation, absorption and possible 102 

transfer. 103 

  104 

2. Methods 105 

The experimental procedures and data of the present paper originate partly from a previous 106 

study (Danielsen et al., 2015), where the main purpose was to examine fluctuations in body 107 

mechanical energy in relation to external ergometer work as well as to estimate instantaneous 108 

net muscle-tendon work rate.  109 

 110 

2.1. Participants 111 

Nine male Norwegian national level XC skiers (age 24 ± 5 yrs, height 1.86 ± 0.06 m, body 112 

mass 81.7 ± 6.5 kg, VO2peak running 73 ± 6 ml·kg·min-1 ) voluntarily participated in this 113 

study. Before providing written informed consent, the participants were verbally informed 114 

about the nature of the study and their right to withdraw at any point was explicitly stated. 115 

Permission to conduct the study was given by the Regional Committee for Medical and 116 
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Health Research Ethics in Central Norway, and the study was registered at Norwegian 117 

Science Data Services. 118 

 119 

2.2. Experimental design 120 

Following a 15-min warm-up of low intensity running on a treadmill and ergometer DP, the 121 

participants performed three 4-min submaximal trials of DP at low (LOW), moderate (MOD), 122 

and high (HIGH) intensity levels, with 1-2 min rest between the trials. After an active 123 

recovery period of ~5 min the participants completed one 3-min closed-end performance test 124 

(MAX). During each trial, kinetics and kinematics were collected after steady-state external 125 

power production had been achieved.  126 

DP was performed on a Concept2 SkiErg (Concept2 Inc., Morrisville, VT, USA) 127 

mounted to the wall. The aero-resistance of the ergometer was set at the lowest level to 128 

minimize poling times, thereby best mimicking skiing DP (Halonen et al., 2015). The 129 

advantage of using ergometer DP as a model is that the definition of instantaneous external 130 

power is unambiguous (as opposed to ski DP) and measurement of external forces is 131 

extremely accurate. 132 

All trials were performed with the participants standing on a force plate secured on the 133 

floor, wearing running shoes. In order to ensure that the participants maintained the same 134 

position in front of the ergometer, a steel plate was secured on the force plate in front of the 135 

feet at a distance from the ergometer that most closely simulated DP movements on snow or 136 

roller skiing (Halonen et al., 2015). All skiers were familiarized with DP on the ergometer, 137 

which was frequently used in their normal training routines.  138 

For inter-individual comparisons, the skiers were instructed to perform the trials at 139 

rating of perceived exertion (RPE) values of ~10, ~13, ~16 and 20 at LOW, MOD, HIGH and 140 

MAX, respectively, on the Borg 6-20 scale (Borg, 1970). Accordingly, the participants 141 
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generated external power outputs in relation to their own performance levels and body size. 142 

All participants had at least 6 yr experience in performing extensive endurance training and 143 

were considered experienced in subjective control of intensity. The integrated SkiErg 144 

performance monitor (PM4) displayed the mean DP power output delivered to the ergometer, 145 

allowing each subject to monitor and maintain the power output as stable as possible 146 

throughout the submaximal trials as instructed. MAX was performed at maximal sustainable 147 

effort, although the participants spent the initial ~10-20 s to attain a power production they 148 

deemed sustainable for 3 min. The participants performed all trials at their own freely chosen 149 

cycle rates. 150 

 151 

2.3. Kinetic and kinematic measurements 152 

Poling force (Fpoling) was measured using a Futek Miniature Tension and Compression Load 153 

Cell  (Futek LCM200, capacity 250 lb, non-linearity ± 0.5%, hysteresis ± 0.5%, weight 17 g, 154 

Futek Inc., Irvine, CA, USA) which was mounted in series with the drive cord inside the 155 

casing of the ergometer using a Rod End Bearing (Futek, GOD00730). The load cell was 156 

calibrated against a range of forces of known magnitude employing calibrated weights. GRF 157 

was measured by a Kistler force plate (Kistler 9286BA, Kistler Instrumente AG, Winterthur, 158 

Switzerland). All force data were sampled at 500 Hz.  159 

Seven infrared Oqus cameras (Qualisys AB, Gothenburg, Sweden) captured three-160 

dimensional position characteristics of passive, spherical reflective markers at a sampling 161 

frequency of 100 Hz. Four markers were fixed on the ergometer to measure the poling 162 

movement: two on the right and left handles and two on the right and left points where the 163 

ropes entered the ergometer. Two reference markers were placed on the force plate in order to 164 

describe the point of application of the GRF within the global coordinate system. Seven 165 

reflective markers were placed on the left side of the body (using double-sided tape; 3M, 166 
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Maplewood, MN, USA) at the following anatomical landmarks: distal end of the fifth 167 

metatarsal (on the shoe), lateral malleolus, lateral femoral epicondyle, trochanter major, 168 

lateral end of the acromion process, lateral humeral epicondyle and ulnar styloid process. All 169 

force and movement data were recorded simultaneously and synchronized using the Qualisys 170 

Track Manager software (Qualisys AB). Offline data processing was done in MATLAB 8.1.0. 171 

(R2013a, Mathworks Inc., Natick, MA, USA). 172 

 173 

2.3. Data analysis 174 

Force and kinematic data were low-pass filtered (8th order, zero-lag Butterworth filter) 175 

cutting off at 50 and 25 Hz, respectively. Because there are no typical impact forces in the 176 

present setup, the use of different cut-offs for kinematics and kinetics had no impact on joint 177 

moment calculations as visually checked (e.g., van den Bogert & de Koning, 1996). Bilateral 178 

movement symmetry was assumed, so the position data of the left side of the body was 179 

assumed to be the average of left and right, and all data were analyzed in the sagittal plane. 180 

The sagittal plane limb segments were defined as foot, leg, thigh, trunk (including head), arm, 181 

and forearm (see Figure 1). Segment lengths were determined from marker coordinates and 182 

averaged over the entire period of analysis. Masses, moments of inertia, and center of mass of 183 

the segments were calculated using the anthropometric data according to de Leva (1996) and 184 

individual body mass and segment lengths. Linear and angular velocities and accelerations of 185 

the limb segments and the velocity of the poling handles relative to the ergometer were 186 

calculated by numerical differentiation of position data with respect to time. Instantaneous net 187 

joint moments were obtained using inverse dynamics by solving the equations of motion for a 188 

linked segment model (Elftman, 1939). For the ankle moment the GRF was the external force, 189 

while for the elbow moment Fpoling was the external force (Figure 1). Extending joint moments 190 
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and velocities (including plantar flexion) were defined positive. Joint power was calculated by 191 

multiplication of net joint moment and joint angular velocity. 192 

Instantaneous Ppoling was calculated as Fpoling multiplied by the poling handle velocity. 193 

In DP locomotion considerable flexion and extension movements occur in the non-rigid trunk 194 

segment not modelled here, likely involving power. Due to the inherent problem in obtaining 195 

reliable net moment data about the non-rigid trunk, we used a rationale similar to e.g., Riddick 196 

and Kuo (2016) to account for power associated with trunk movements. According to the 197 

instantaneous power equation of van Ingen Schenau and Cavanagh (1990), at each instant in 198 

time, the sum of joint powers (Pj, the power source), derived from rigid body inverse 199 

dynamics, must equal the sum of the two possible power destinations; the time rate of change 200 

of Ebody (Ėbody) and the power that flows to the external environment (Ppoling):   201 

 202 

 ∑ Pj

5

j=1

=  Ėbody + Ppoling [1] 

 203 

where Pj is the power at joint j. However, because within-trunk movements were neglected in 204 

the inverse dynamics, any difference between Pj and Ėbody + Ppoling was accounted for as trunk 205 

power: 206 

 207 

 Ptrunk =  (Ėbody +  Ppoling) − ∑ Pj

5

j=1

 [2] 

Ėbody is: 208 

 209 

 Ėbody =  
dEbody

dt
 [3] 
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Ebody is the total body energy, calculated by summation across all 6 segments: 210 

 Ebody =  ∑ Ei

6

i=1

 [4] 

   

where Ei is the total energy of segment i: 211 

 212 

 Ei =
1

2
 mivi

2 + mighi +
1

2
Iiωi

2
 [5] 

   

where mi is segment mass (kg), vi is segment absolute velocity (m·s-1), g is gravitational 213 

acceleration (9.81 m·s-2), hi is segment height above ground (m), Ii is segment moment of 214 

inertia (kg·m2), and ωi is segment angular velocity (rad·s-1).  215 

With the feet remaining on the ground at all times, and with only a simple set of 216 

pulleys between the load cell and movement registration, we assumed that power associated 217 

with friction was negligible. Finally, the moment generated about CoM by the reaction force 218 

of Fpoling and the GRF, as well as their sum (net moment about CoM), was calculated. 219 

One DP cycle was defined as from the shortest to the subsequent shortest length of the 220 

ropes. The poling phase was defined as from the shortest to the longest length of the ropes, 221 

and the recovery phase was defined as from the longest to the shortest length of the ropes. 222 

Poling time (PT) was defined as the duration of the poling phase, cycle time (CT) as the 223 

duration of an entire poling + recovery movement, relative PT as the percentage of CT, and 224 

cycle rate (CR) as the number of poling cycles per second. 225 

All data, including joint powers (elbow, shoulder, hip, knee, ankle, and trunk), were 226 

time normalized and averaged over ~20 cycles for each subject at each of the intensities, and 227 

then averaged across subjects. Joint powers were averaged over the cycle, the PP, and the RP, 228 

separately for each participant. Relative joint power values were then calculated as the ratio of 229 

these average joint power values to cycle average Ppoling (Ppoling-mean).  230 



11 
 

 231 

2.4. Statistical Analysis  232 

All data were checked for normality by visual inspection of normal Q-Q plots and histograms 233 

and are presented as means ± 95% CI. To determine the effect of intensity, one-way analysis 234 

of variance (ANOVA) with repeated measures for intensity was performed on each dependent 235 

variable (absolute and relative joint powers (averaged over the cycle, the PP and the RP), 236 

Ppoling-mean, CR, absolute and relative PT, and relevant kinematic variables). For Ppoling-mean, the 237 

difference contrasts were tested for significance to confirm that the protocol induced four 238 

different work intensities. Similarly, for RPE (reported as median ± IQR), a Wilcoxon rank 239 

tests was used to test for differences between adjacent intensities.  Statistical significance was 240 

based on α = 0.05 and all statistical tests were performed using SPSS version 24 (IBM Inc., 241 

Armonk, NY, USA). 242 

 243 

3. Results 244 

3.1. Basic cycle characteristics  245 

All reported RPE values were close to target values (9 ± 3, 13 ± 1, 15 ± 2, 19 ± 0), and were 246 

significantly different between adjacent intensities (p<0.01). Ergometer DP at these intensities 247 

corresponded to Ppoling-mean of 116 ± 10, 166 ± 22, 214 ± 25, and 306 ± 25 W, which were 248 

significantly different between adjacent intensities (p<0.001). Note that the increase in Ppoling-249 

mean was ~50 W between submaximal intensities and ~90 W between HIGH and MAX. CR 250 

increased (0.74 ± 0.06, 0.78 ± 0.06, 0.84 ± 0.07, and 0.97 ± 0.07 s-1) and PT decreased (0.62 ± 251 

0.04, 0.58 ± 0.03, 0.54 ± 0.03, and 0.49 ± 0.02 s) with intensity (p<0.05), while relative PT 252 

remained similar from LOW to HIGH (~45 ± 1%) and slightly increased from HIGH to MAX 253 

(~47 ± 1%; p<0.05). 254 

 255 
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3.2. Forces and kinematics  256 

Across all intensities, Fpoling as well as GRF showed very similar patterns (Fig 2A-C). In Fig. 257 

2D and E a stick figure of one representative skier, including dynamics, is shown at LOW and 258 

MAX. In general, the gross movement pattern remained similar across all intensities, while 259 

the magnitude of forces and ranges of motion increased (p<0.05; Fig 3 A-J). Increasing 260 

intensity led to an increased within-cycle vertical fluctuation of CoM (Fig 2 D and E; 261 

p<0.001). Note that the minimum CoM height decreased more with intensity (~10 cm from 262 

LOW to MAX) than the maximum height increased (~3 cm from LOW to MAX). This 263 

pattern is reflected in hip - and knee joint angle range of motion (Fig. 3C, D). The shoulder 264 

mostly extended throughout the PP, while the elbow showed a distinct flexion-extension 265 

movement pattern (Fig. 3A, B). Since CR increased, almost all joint (mean flexion and 266 

extension) angular velocities increased with intensity (p<0.05; Fig. 3F-J).  267 

 268 

3.3. Moments and powers 269 

The moment about CoM caused by Fpoling and the GRF are shown in Fig. 2F. During poling, 270 

the reaction force of Fpoling tended to rotate the body backwards (i.e., acting in front of the 271 

CoM). This was opposed by a generally forward rotating effect of GRF (i.e., acting behind the 272 

CoM).  273 

Across intensities, the net joint moments progressively increased (Fig. 3 K-O). 274 

Similarly, joint powers showed comparable patterns across all intensities, though 275 

progressively increasing in magnitude (Fig. 3 P-T) with one exception: at LOW and MOD a 276 

hip extensor moment occurred throughout the movement cycle, which changed into a flexor 277 

moment in the recovery-to-poling transition period at HIGH and especially MAX (Fig. 3 M). 278 

This is reflected in substantial positive hip power in the same time period (Fig. 3 R). 279 

Furthermore, the high peak extending moment and corresponding peak power at the hip in 280 
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MAX in the poling-to-recovery transition period are the clearest effects in accordance with 281 

the large power difference (~90 W) between HIGH and MAX.  282 

Averaged absolute and relative joint powers are shown in Table 1. Over the entire 283 

cycle, most power was produced at the hip and shoulder at all intensities. Power at ankle, hip, 284 

shoulder and trunk increased (p<0.001) while elbow power decreased (p<0.05) with 285 

increasing intensity (Table 1). Relative hip power increased while relative shoulder power 286 

decreased (p<0.001). The contributions from ankle and elbow were rather small but still 287 

somewhat affected by intensity. Trunk contribution remained similar at ~13%. Lower body 288 

power (sum of ankle, knee and hip) amounted to ~37 ± 5%, ~39 ± 5%, ~43 ± 4% and ~54 ± 289 

5% at LOW, MOD, HIGH and MAX, respectively. That is, the relative contribution from the 290 

lower body substantially increased with intensity (p<0.001).  291 

During PP, the shoulder generated considerable power at all intensities (Table 1). 292 

Shoulder power rapidly increased to a (large) peak, coinciding with peak Fpoling as well as 293 

with the peak in negative elbow power (Fig. 3P, Q). Elbow, trunk, and hip power were both 294 

positive and negative (Fig. 3P, R, U). Ankle power showed a distinct negative period during 295 

the beginning of PP (Fig. 3T). Knee power is negative and moderate at the first part of PP, its 296 

magnitude increasing with intensity (Fig. 3S). Averaged over PP, absolute hip and shoulder 297 

power increased considerably with intensity (p<0.001), and trunk power increased moderately 298 

(p<0.01). Relative hip power greatly increased (from ~0 to ~41%) from LOW to MAX 299 

(p<0.001), and relative shoulder power decreased (from ~88 to ~75%) somewhat from HIGH 300 

to MAX (p<0.001; Table 1). At submaximal intensities, mean elbow power was positive and 301 

contributed to Ppoling-mean (~10%), but became negative at MAX. Trunk contribution tended to 302 

increase with intensity (p=0.090).  303 

In the RP no Ppoling is generated and the sum of all instantaneous joint powers equals 304 

the positive rate of change in Ebody (i.e., Ebody increased as the body was heightened and 305 
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repositioned; Figs. 2D and E). Here, most power was generated by the hip and ankle, followed 306 

by the trunk (Figs. 3R, T; Table 1). Small but significant effects of intensity were found for 307 

knee and hip relative power; hip relative power decreased from LOW to HIGH and then 308 

increased from HIGH to MAX (p=0.084; Table 1). 309 

 310 

4. Discussion 311 

The purpose of this study was to examine the effect of increasing exercise intensity on the 312 

role of joint powers in DP locomotion, and the main question was whether the power 313 

contribution from the lower body joints over the movement cycle would decrease or increase 314 

when DP intensity was increased. Our findings show that increased Ppoling-mean was achieved 315 

by an increased contribution from the lower body joints, whereas the relative contribution 316 

from upper body joints decreased. This observation is in agreement with those of Bojsen-317 

Møller et al. (2010), Rud et al. (2014) and Zoppirolli et al. (2016) who also demonstrated that 318 

increasing DP intensity was mainly done by increased lower body involvement. Somewhat 319 

surprisingly, the main increase in contribution by the lower body over the cycle occurred 320 

during PP, where hip contribution increased from ~0% at LOW to ~41% at MAX. 321 

Since considerable (positive) work is done at the hip during PP, the idea that the lower 322 

body only does work during RP (Danielsen et al., 2015) is not supported. The substantial 323 

increase in positive hip power during PP found here may seem unexpected, but partly reflects 324 

that repositioning of the body starts prior to the end of PP and from a deeper position with 325 

increasing intensity, as found in roller skiing DP (Lindinger, Stöggl, et al., 2009). This is also 326 

reflected in an increasing amount of positive trunk power during the final part of poling; more 327 

hip and trunk (extensor) work is responsible for this task. Still, most of body heightening 328 

occurs during RP, where hip and ankle do most of the work. However, maximum CoM height 329 

does not increase much (Danielsen et al., 2015). Although the amount of absolute work 330 
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involved in repositioning during RP increases, relative power does not increase. The increases 331 

in absolute hip and ankle power during recovery also reflect that this heightening occurs faster 332 

(as CR is increased). The only small positive knee power during the final part of poling and 333 

throughout recovery indicates that little knee work is directly associated with repositioning. 334 

 335 

4.1. Dynamic constraints 336 

When making inferences about joint powers, one must keep in mind that in all multi-joint 337 

movements, such as DP, a unique combination of joint moments are required to achieve 338 

certain magnitudes and directions of external forces, leading to a coordinated movement. 339 

These moments may demand positive, negative or zero joint power (Jacobs & van Ingen 340 

Schenau, 1992; van Ingen Schenau, 1989). In ergometer DP, these requirements are also 341 

determined by specific constraints, in that the skier must maintain dynamic balance and 342 

position on the floor. In our set-up, during PP, Fpoling acts in front of the CoM, creating a 343 

backward rotating moment which (on average over a cycle) must be balanced by a forward 344 

rotating moment resulting from GRF that acts behind the CoM (Fig. 2E and F). This 345 

constraint is reflected in e.g., the negative ankle power during PP at all intensities, as a plantar 346 

flexing moment during dorsal flexion aids in obtaining a GRF that acts behind the CoM. The 347 

ankle moment and power found here seem to correspond well with the high activation levels 348 

of the triceps surae muscles during dorsal flexion in this phase in roller-skiing DP (Holmberg 349 

et al., 2005). The same applies for the hip power at onset of PP, but at this joint the net 350 

moment changes from extending to flexing with increasing intensity. This is reflected by the 351 

change in direction of the GRF, which at submaximal intensities acts just in front of the hip 352 

joint but at MAX acts behind (Fig. 2D and E). This in turn requires (small) negative power at 353 

submaximal, while at MAX considerable positive power is seen (and required) during the 354 

transition from RP to PP. A similar change occurred also in knee joint dynamics, but to a 355 
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lesser extent. In general, generation of Fpoling demands a particular direction of GRF (control 356 

of balance) which clearly has implications for coordination and therefore joint dynamics. 357 

Although kinematic patterns remain largely similar (though increasing in magnitudes, Fig. 3), 358 

some dynamics essentially change. In order to generate higher Fpoling at increasing intensities, 359 

a larger GRFx-GRFy ratio seems required. This is partially brought about by reversed signs of 360 

hip and knee moments.  361 

Overall, the effect of intensity on the kinematics of ergometer DP (Fig. 2 and 3) seem 362 

very comparable to roller skiing DP (Lindinger, Stöggl, et al., 2009). However, ergometer DP 363 

contains an additional degree of freedom compared to DP on roller skis or snow: ergometer 364 

DP allows for the use of horizontal frictional forces to regulate the direction of the GRF, 365 

which is not possible in roller- or on-snow skiing DP. Thus, in these latter conditions, the only 366 

way the skier can generate a moment arm for GRF about CoM is to adjust the vertical 367 

alignment between center of pressure and CoM. Alternatively, the angling and positioning of 368 

the poles is an option for control of rotational and dynamic balance, i.e., minimize the 369 

moment about CoM produced by Fpoling. However, in general the Fpoling vector is directed 370 

more downwards (on average) in ergometer DP than in roller- or on-snow skiing DP (more 371 

backwards through PP). Thus, effectively producing Fpoling in these different modes of DP 372 

requires differences in coordination and joint dynamics. These mechanical dissimilarities 373 

between different modes of DP may cause differences in the solution to the requirements of 374 

dynamic constraints (control of balance and angular momentum) and in the way of achieving 375 

the mechanical goal, that is, effectively generating external power. Therefore, although the 376 

effect of intensity on the kinematics seems to be comparable between different modes of DP, 377 

this may not be the case for joint dynamics. In order to understand how these aspects may 378 

differ between DP modes, and possibly between skiers of different performance levels, future 379 
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studies examining joint dynamics in on-snow or roller skiing DP as well as in skiers at 380 

different performance levels are required. 381 

 382 

4.2. Energy flow and transfer  383 

4.2.1. Lower extremity 384 

During the onset of PP at MAX, when Ebody is decreasing, the high positive hip power may 385 

reflect that the hip directly assists in generation of external power during flexion (pulling 386 

trunk down). Thus, the change from an extending to a flexing hip moment and the associated 387 

large increase in positive power is in accordance with a substantial increase in hip flexor 388 

muscle activity (Zoppirolli, Boccia, Bortolan, Schena, & Pellegrini, 2017). Otherwise, transfer 389 

of Ebody, resulting from lower body work (in previous RP), is the main source of propulsion 390 

power during PP. This can best be understood by following the flow of mechanical energy 391 

from its source (muscle-tendon, joint power) to external work (Ppoling) in ergometer DP: 392 

muscle-tendons in the lower body generate mechanical energy, mostly during RP, which 393 

increases the body energy. As the body then exerts force externally (Fpoling) in PP, parts of 394 

Ebody are transferred as the body performs this external work (e.g., Winter, 2009). In that 395 

regard, Danielsen et al. (2015) found a period of net energy absorption during the beginning 396 

of PP at submaximal intensities. This negative net (joint) work rate occurred simultaneously 397 

with high Ppoling, suggesting that all Ppoling originates solely from Ebody with e.g., the upper 398 

extremities acting isometrically. This is clearly not the case: the shoulder immediately 399 

generates considerable power when Fpoling increases (Fig. 3Q), meaning that both Ebody 400 

transfer and active upper extremity muscle work drive propulsion immediately and 401 

simultaneously in ergometer DP. Moreover, the present analysis shows that, although the 402 

period of negative net muscle work is rather short (Danielsen et al., 2015), hip and knee 403 

power is negative also later into PP. The time point in which these powers change from 404 



18 
 

negative to positive coincide with the change from trunk, hip and knee flexion to extension, 405 

that is, around the time point in which Ebody has reached its minimum value and body 406 

heightening begins. These patterns remain similar at all intensities, and support the idea that 407 

some lower extremity muscles may be going through a SSC during this countermovement-408 

like action (Danielsen et al., 2015). This SSC may allow reutilization of possible excesses of 409 

Ebody (Ebody not transferred to Ppoling) which otherwise would be wasted, or potentiate muscle 410 

force production. 411 

 412 

4.2.2. Upper extremity 413 

Previous studies have hypothesized that a SSC may occur in shoulder and elbow extensors 414 

during PP, especially in the triceps brachii (Lindinger, Holmberg, et al., 2009; Zoppirolli et 415 

al., 2013). Although typical SSC kinematics and dynamics can be seen in the elbow (i.e., 416 

flexion-extension movement coinciding with negative-positive power), we found no such 417 

clear pattern for the shoulder. The situation concerning SSC is complicated because of 418 

possible energy transfer via bi-articular muscles between the shoulder and elbow. The triceps 419 

brachii contains a bi-articular part (caput longum) that is both a shoulder and elbow extensor. 420 

In multi-joint movements, bi-articular muscles are often active with no relation to the actual 421 

angular displacement of the joints crossed (e.g., van Ingen Schenau, 1989). However, they 422 

play an essential role in distributing the net moment and power about the joints in the most 423 

effective way (Jacobs & van Ingen Schenau, 1992; van Ingen Schenau, 1989). The coinciding 424 

peaks in negative elbow and positive shoulder power are an indication of power transfer 425 

between these joints (first half of PP, Fig. 3P-Q). This may allow for a distribution of power 426 

to the joints and muscle groups that are most suitable to do work (Bobbert & van Ingen 427 

Schenau, 1988). Considering DP, allowing for power transfer to the shoulder would be 428 

beneficial if we assume that the larger, more proximally located shoulder extensor muscle 429 
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groups are more suitable to do most of the active work during PP, rather than the smaller, 430 

more distally located elbow extensors. Furthermore, ensuring that the upper arm and forearm 431 

rotate in opposite directions during this first part of PP has the benefit of decreasing joint 432 

angular velocity, which increases poling time and allows more muscle work to be done over a 433 

longer time period (e.g., Bobbert, Gerritsen, Litjens, & van Soest, 1996). This movement 434 

pattern is likely also essential for an effective transfer of Ebody into Ppoling (‘fall on the ropes or 435 

poles’).  436 

Moreover, ergometer DP does not have a typical countermovement-like action at the 437 

upper limbs, since there is no braking force present (the ropes are continuously pulled 438 

downwards/backwards, immediately generating propulsion) with no rapid impact forces. This 439 

issue is one of the main differences from other typical bouncing-ball movements involving 440 

muscle-tendon SSC, such as running (see Danielsen et al., 2015). In skiing or roller skiing 441 

DP, however, high impact forces can occur as the poles hit the ground (e.g., Stöggl & 442 

Holmberg, 2016). Although some shoulder and elbow extensor muscle-tendons may be 443 

forcefully stretched by pole-ground impact, the poles are nevertheless angled slightly 444 

backwards (Stöggl & Holmberg, 2011). Hence, propulsion is immediately generated also 445 

here, without a typical braking period that would involve (elastic) storage of decreasing Ebody, 446 

as in typical bouncing-ball movements involving muscle-tendon SSC (e.g., running). A rapid 447 

and immediate increase in Fpoling from onset of poling, generating very high instantaneous 448 

Ppoling in a rather short time, seems to be essential for DP performance in general (Holmberg et 449 

al., 2005; Lindinger & Holmberg, 2011; Lindinger, Stöggl, et al., 2009; Stöggl & Holmberg, 450 

2011). The main mechanism allowing for such high propulsion power over a short poling 451 

time, increasing recovery time, seems to be the effective use of the legs as a major source of 452 

energy generation in the RP (Danielsen et al., 2015; Holmberg, Lindinger, Stöggl, Björklund, 453 

& Müller, 2006; Lindinger, Stöggl, et al., 2009), whereas DP relying only on arm or upper-454 
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body work drastically lowers power generation capability (Hegge et al., 2016). In the PP, a 455 

certain body configuration is necessary for effective transfer of this energy, as well as for 456 

generation of additional propulsion power through active (mostly upper extremity) muscle 457 

work. To achieve this, a coordination pattern allowing for power transfer between the elbow 458 

and shoulder (and between the body and propulsion power) may prevail over SSC in 459 

explaining the kinematics and dynamics of the upper extremities in particular. For the lower 460 

extremities, however, SSC may occur in the countermovement-like transition from body 461 

lowering to body heightening since this is an effective way of reutilizing otherwise wasted 462 

energy. Nevertheless, future studies should examine these concepts regarding joint – and 463 

whole body – dynamics in roller- and on-snow skiing DP.  464 

 465 

4.3. Concluding remarks 466 

Regarding the potential use of horizontal GRF, ergometer DP differs from roller- and 467 

on-snow skiing DP both uphill and on the level. This may have consequences for DP 468 

coordination and dynamics. Still, ergometer DP may resemble skiing DP on the level more 469 

than uphill because of the perpendicular orientation of the (virtual) goal directed movement in 470 

relation to gravity. As in ergometer DP, in level skiing the vertical and rotational energy 471 

fluctuations (making up the most of total Ebody, Danielsen et al. (2015)) can be distinguished 472 

from external power (to be associated with forward kinetic energy). In contrast, when skiing 473 

uphill (above a certain gradient) the vertical energy fluctuations make up most of the external 474 

work done. Therefore, the utilization of Ebody, i.e., the use of the lower body for mechanical 475 

energy generation, will be compromised in uphill DP. While intensity generally has an 476 

increasing effect on the relative power contribution of the lower body, if intensity is increased 477 

by going up a steeper incline, the mechanism may fail. The lower efficiency of DP on a steep 478 

incline (Dahl et al., 2017) is in accordance with this rationale. On the other hand, poling times 479 
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in ergometer DP resemble uphill DP more than level DP (Stöggl & Holmberg, 2016). In level 480 

DP, poling time decrease considerably with increasing speed (intensity), reaching critically 481 

low values (~0.25 s) which has implications for coordination, mechanics and technique 482 

(Lindinger, Holmberg, et al., 2009; Lindinger, Stöggl, et al., 2009). Future studies are 483 

warranted that examine possible similarities and differences between different modes of DP.  484 

In the present examination of ergometer DP, the lower body’s relative power 485 

contribution to propulsive power rose substantially with increasing exercise intensity, as a 486 

result of enhanced relative hip power during the PP, but not in the RP. To increase Ebody 487 

during repositioning, considerable power is generated in the RP (and at the end of PP) by 488 

lower body joints at all intensities. During PP, a transfer of Ebody is the main source of 489 

propulsion power. However, this transfer drives propulsion simultaneously with active 490 

(mostly upper extremity) muscle work. At higher intensities, hip dynamics essentially 491 

changed, from that of mostly absorbing at LOW to generating considerable power within PP 492 

at MAX, which may also contribute directly to Ppoling.  493 

Finally, a SSC may possibly be involved in hip and trunk extensors in the 494 

countermovement-like transition from body lowering to heightening, likely involving 495 

reutilization of otherwise wasted Ebody, or potentiate muscle force production. Considering the 496 

upper extremity during PP, our data suggest that certain kinematic and dynamic patterns are 497 

related more to power distribution and transfer concepts rather than a countermovement SSC 498 

mechanism. 499 
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FIGURE LEGENDS 595 

 596 

FIGURE 1. Illustration of marker placements (black dots), segments, definition of joint 597 

angles, and external forces. 598 

 599 

FIGURE 2. A Time trajectories of poling force (Fpoling), B the vertical component of ground 600 

reaction force (GRF y), and C the horizontal component of GRF (GRF x). Values are the 601 

means over all subjects (N=9). The vertical lines represent end of poling phase. D and E 602 

Stickfigure of a typical example shown at different time points during an ergometer double 603 

poling cycle at intensities LOW (D) and MAX (E). The reconstruction of the GRF, the poling 604 

force (Fpoling) and the CoM (black circle) are shown. The dashed GRF lines represent a 605 

magnification of the true GRF (solid black lines) to better illustrate its line of action. F 606 

Moment about CoM caused by reaction Fpoling (solid line), the GRF (dotted line), and the net 607 

moment (dashed line), at intensity HIGH, mean of all subjects. 608 

 609 

FIGURE 3. Mean curves of joint angles (A-E), joint angular velocities (F-J), net joint 610 

moments (K-O) and joint powers (P-U) plotted against normalized cycle time at the 4 611 

intensities while ergometer double poling (N=9). The vertical lines indicate end of poling 612 

phase at submaximal (left) and maximal (right) intensities.  613 

 614 
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TABLE 1. Absolute (W) and relative (%) joint power (mean ± 95% confidence interval, N=9) while ergometer double poling at increasing intensities. A Joint power averaged over 

the cycle and their contribution to cycle average poling power (Ppoling-mean). B Joint power averaged over the poling phase and their contribution to Ppoling-mean. C Joint power averaged 

over the recovery phase and their contribution to Ppoling-mean. 

 Intensity  Ankle  Knee  Hip  Shoulder  Elbow  Trunk 

A Cycle  

 LOW 

 MOD 

 HIGH 

 MAX 

 

 6 ± 3 W -2 ± 3 W  38 ± 7 W  52 ± 10 W  6 ± 6 W 15 ± 6 W  

 9 ± 4 W   -3 ± 4 W  58 ± 7 W 69 ± 13 W 8 ± 9 W  25 ± 12 W 

 13 ± 6 W -7 ± 4 W 84 ± 10 W 85 ± 17 W 7 ± 9 W  31 ± 10 W  

 22 ± 7 W  -20 ± 7 W 164 ± 16 W 104 ± 21 W -1 ± 13 W  39 ± 12 W  

 F3,24=25, p<0.001 F3,24=63, p<0.001 F3,24=219, p<0.001 F3,27=42, p<0.001 F3,24=3.9, p=0.020 F3,24=16, p=0.001 

 LOW 

 MOD 

 HIGH 

 MAX 

 

 5 ± 2%  -2 ± 3%  33 ± 7%  45 ± 6%  6 ± 5%  13 ± 6%  

 5 ± 3% -2 ± 2%  37 ± 8%  42 ± 6%  5 ± 5%  14 ± 6%  

 6 ± 3% -3 ± 2%  40 ± 5%  40 ± 6%  3 ± 4%  14 ± 5%  

 7 ± 2%  -7 ± 2% 54 ± 6% 33 ± 5% 0 ± 4% 12 ± 4% 

 F3,24=3.9, p=0.022 F3,24=50, p<0.001 F3,24=57,  p<0.001 F3,27=19, p<0.001 F3,24=12, p<0.001 F3,24=0.4, p=0.769 

B Poling phase  

 LOW 

 MOD 

 HIGH 

 MAX 

 

 -33 ± 11 W  0 ± 4 W  0 ± 14 W  104 ± 20 W  12 ± 12 W 5 ± 13 W  

 -41 ± 13 W  -3 ± 3 W  19 ± 14 W  145 ± 30 W 16 ± 19 W  28 ± 26 W  

 -46 ± 14 W  -11 ± 4 W 47 ± 18 W 185 ± 37 W 14 ± 21 W  29 ± 16 W  

 -45 ± 13 W  -40 ± 7 W 123 ± 26 W 232 ± 47 W -7 ± 28 W 45 ± 26 W  

 F3,24=4.5, p=0.014 F3,24=147, p<0.001 F3,24=96, p<0.001 F3,27=55, p<0.001 F3,24=5.4, p=0.006 F3,24=6.5, p<0.01 

 LOW 

 MOD 

 HIGH 

 MAX 

 

 -28 ± 8%  0 ± 4% 0 ± 12%  88 ± 10%  11 ± 10%  5 ± 12%  

 -24 ± 8%  -2 ± 2% 11 ± 7% 87 ± 12%  10 ± 11%  15 ± 14%  

 -21 ± 5%  -5 ± 2% 21 ± 7% 85 ± 11%  7 ± 10%  13 ± 8%  

 -14 ± 4% -13 ± 2% 41 ± 8% 75 ± 11% -2 ± 9% 14 ± 9% 

 F3,24=9.2, p<0.001 F3,24=69, p<0.001 F3,24=48, p<0.001 F3,27=16, p<0.001 F3,24=14, p<0.001 F3,24=2.8, p=0.090 

C Recovery phase  

 LOW 

 MOD 

 HIGH 

 MAX 

 

 39 ± 15 W  -4 ± 4 W 71 ± 17 W 10 ± 6 W  1 ± 1 W  24 ± 8 W 

 50 ± 19 W  -4 ± 5 W 90 ± 17 W  7 ± 7 W  2 ± 1 W  23 ± 13 W 

 62 ± 22 W  -3 ± 7 W 116 ± 20 W 3 ± 8 W  2 ± 1 W  33 ± 15 W 

 83 ± 19 W -3 ± 7 W 200 ± 35 W -13 ± 9 W 4 ± 1 W 34 ± 18 W 

 F3,24=37, p<0.001 F3,24=0.2, p=0.888 F3,24=73, p<0.001 F3,27=16, p<0.001 F3,24=6.0, p=0.003 F3,24=1.3, p=0.293 

 LOW 

 MOD 

 HIGH 

 MAX 

 

 33 ± 11% -3 ± 3%  62 ± 16% 8 ± 5%  1 ± 1% 20 ± 6% 

 29 ± 11% -3 ± 3% 58 ± 17% 5 ± 4%  1 ± 1% 13 ± 6% 

 28 ± 9% -2 ± 3% 56 ± 12%  2 ± 4%  1 ± 1% 15 ± 6% 

 27 ± 5% -1 ± 2%  66 ± 12% -4 ± 3% 1 ± 0% 11 ± 6% 

  F3,24=1.5, p=0.252  F3,24=3.5, p=0.030  F3,24=2.5, p=0.084 F3,27=16, p<0.001 F3,24=0.8, p=0.509 F3,24=2.8, p=0.100 
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