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Abstract 

Instantaneous helical axes (IHAs) and screw displacement axes (SDAs) are commonly used to 

investigate joint functional axes of rotation. In the wrist, these have often been obtained 

through in vitro motion analysis. These definitions are then employed for in vivo applications, 

such as the design of implants or the development of musculoskeletal models. However, 5 

functional unguided joint motions are, by definition, affected by the activity of muscles. 

Previously published data has disagreed on the relative position and orientation of the two 

primary axes of rotation of the wrist, i.e. the radioulnar deviation (RUD) axes with respect to 

the flexion-extension (FE) axis. An in vivo study comparing the FE and RUD IHAs and SDAs of 

guided motions, to replicate in vitro conditions, and unguided motions of 23 healthy 10 

participants was conducted using optical motion capture. Guided motions were performed 

with the hand and forearm flush against a flat surface. The relative position and orientation 

of the RUD SDAs with respect to the FE SDAs differed (p = 0.019, p = 0.001) between unguided 

FE and guided RUD (0.1 ± 4.3 mm, 93.5 ±16.0°) and guided FE and RUD (1.6 ± 4.0 mm, 107.8 

±17.7°). This indicates that the use of different constraints, and not physiological differences, 15 

is the cause for differences in the relative positions and orientations of the FE and RUD axes 

in the literature. Thus, the practice of using in vitro definitions of the axes of rotation of the 

wrist for in vivo applications, especially involving FE, may be inappropriate and care must be 

taken to account for any constraint on wrist motion. It is recommended that investigators 

define the axes of rotation specifically for their study or refer to literature featuring the 20 

desired levels of constraint. 

Keywords: Instantaneous helical axis; screw displacement axis; functional axis; wrist 
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1. Introduction 

Understanding the natural axes of a joint is crucial for novel prosthetic and arthroplasty 25 

design (Brumbaugh et al., 1982; Stokdijk et al., 2000) and musculoskeletal modelling (Goislard 

De Monsabert et al., 2018), as the success of these techniques depends on replicating normal 

joint kinematics. Axes of rotation have been used to validate arthroplasty design (Hooke et 

al., 2015), and assess joint function (Pothrat et al., 2015), quantify joint instability (Duck et al., 

2003), to determine appropriate joint modelling simplifications (Sheehan, 2010), classify joint 30 

pathology (Wolf and Degani, 2006), and determine joint centres of rotation with the aim of 

improving rehabilitation activities and reduce arthroplasty failure (Akhbari et al., 2020; 

Amabile et al., 2016). Thus, it is vital that the description of the axes and their relationship to 

each other in vivo is understood. 

The wrist joint complex is often modelled as a simple double-hinge joint with non-intersecting 35 

axes (Kennedy and Huang, 2016). These axes describe the two main degrees of freedom of 

the wrist: flexion-extension (FE) and radioulnar deviation (RUD). The relative position and 

orientation of these axes has previously been investigated, but findings have been 

inconsistent. Andrews and Youm (1979) measured the FE axis to be orthogonal and 

approximately 5 mm proximal to the RUD axis using instantaneous helical axes (IHA). IHAs 40 

describe the motion performed as a rotation about and a translation along the axis. Likewise, 

Leonard et al. (2005) estimated the offset to be 6.8 mm with the FE axis proximal using a 

model as opposed to direct measurement. In contrast, Brumbaugh et al. (1982) reported that 

the axes were almost coincident and not orthogonal. Historically, the axes have been defined 

in cadaveric studies or, if in vivo, with planar constraints; however, placing hard constraints, 45 
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such as attaching a specimen to a rig with embedded axis of rotation, will certainly prescribe 

the axis of motion. These will not necessarily represent the axes of motion that occur in vivo. 

The objective of this study was to investigate the in vivo, 3D relative position and orientation 

of the natural axes of rotation of the wrist during guided and unguided motions. The primary 

aim was to determine how guiding the motion affected the axes of rotation in order to 50 

determine whether the axes defined in vitro are representative of unguided axes of planar 

motion. It was hypothesised that the use of a constraint will alter the relative position and 

orientation of the FE and RUD axes of the wrist. This will have implications for the 

appropriateness of using in vitro axis definitions for in vivo applications, such as 

musculoskeletal modelling and wrist arthroplasty development. 55 

 

2. Materials and methods 

2.1 Experimental design 

An eight-camera optical motion capture system (Oqus 500+ cameras, Qualisys, Gothenburg, 

Sweden) was used to record the wrist motion of 23 healthy participants, 10 male (1.76 ± 0.07 60 

m; 76.4 ± 12.9 kg) and 13 female (1.67 ± 0.07 m; 62.0 ± 9.2 kg). Two sets of three 10 mm 

diameter reflective markers were arranged in non-linear clusters that were affixed to each 

participant’s dominant hand, specifically over the third metacarpal, and forearm, 

approximately 2 cm proximal to the radial and ulnar styloids. Cluster placement was selected 

to minimise skin motion artefact by avoiding bony prominences (Schmidt et al., 1999). The 65 

medial and lateral epicondyles, radial and ulnar styloids, head and base of the third 

metacarpal, and head of the second metacarpal were digitised and used to create the joint 
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coordinate system recommended by the International Society of Biomechanics (Wu et al., 

2005). 

Participants sat at a table on a stool of adjustable height. Stool height was set so participants 70 

could rest their elbow on the table with their shoulder flexed approximately 90°. Each 

participant performed 15 cycles, in three groups of five continues cycles, of two variants of 

FE and RUD, one guided (gFE and gRUD) and one unguided (uFE and uRUD) (Figure 1). In 

guided motions, the secondary degree of freedom was constrained, e.g. gFE represented 

motions where RUD was restricted. Participants were given verbal instruction and a visual 75 

demonstration as to how to perform each movement and were requested to use their full 

range of motion. They were also given the opportunity to practice each movement. Unguided 

motion was performed with the hand vertically above the elbow and pointing towards the 

ceiling. Guided motion was performed with the hand and forearm flush against the table, with 

the elbow positioned at 90° flexion. uFE, gFE and uRUD were performed with the forearm in 80 

a neutral position; gRUD was performed with the forearm pronated. 

 
Figure 1: The position and orientation of the hand and forearm during the (A) guided 

flexion-extension and (B) unguided flexion-extension and radioulnar deviation. The arm was 

similarly orientated to (A) during guided radioulnar deviation, but the forearm was pronated 85 

so that the palm was flush against the surface. 
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2.2 Data processing 

The IHA calculations developed by Woltring et al. (Woltring, 1990, 1991; Woltring et al., 1987) 

were used to define the axes of rotation for each time step. This method has previously been 

used to define other natural axes of the upper limb (Hooke et al., 2015; Kennedy and Huang, 90 

2016; Nordin and Frankel, 2001; Ohberg et al., 2003; Stokdijk et al., 2000). A screw 

displacement axis (SDA), which represents the axis of rotation for a complete motion, was 

calculated for each cycle. The optimal pivot point of the axis was the mean pivot closest to 

the IHAs in a least-squared sense (Veeger and Yu, 1996). Similarly, the direction of each axis 

was calculated as the vector with the smallest angular difference from all the IHAs. A mean 95 

SDA was determined for each set of 15 cycles. All calculations were performed using custom-

written code in MATLAB (MathWorks, Natick, MA, USA). 

2.3 Data analysis  

The repeatabilities of the motions for each participant were determined by the statistical 

comparison of the kinematics using SPM one-way ANOVA (MATLAB, MathWorks, Natick, MA, 100 

USA). The within-participant variation in the IHAs and ranges of motion were compared with 

t-tests. The 15 SDAs that represented the axes of the uRUD and gRUD motions were 

compared relative to the axes of the uFE and gFE motions, resulting in four combinations, C1-

C4 (Table 1). To enable comparison with values from the literature, the offset of each RUD 

axes with respect to each FE axes was measured in the long axis of the forearm and the 105 

angular offset was measured in the plane normal to the long axis of the forearm. To see how 

range of motion affected the SDAs, the IHAs were grouped by the wrist rotation angle in 

increasing intervals of ±15°, i.e., ±15°, ±30°, ±45° about neutral; a new representative SDA 

was calculated for each group. The one-way ANOVA test was used to compare the position 
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and angle of the FE and RUD SDAs. Post hoc analysis was conducted with the Tukey Kramer 110 

Honest significant difference criterion. The significance level for all tests was 0.05. 

Table 1: Combinations of the guided and unguided variations of flexion-extension (FE) and 

radioulnar deviation (RUD) screw displacement axes. These combinations have been 

referred to as C1-C4 within the text. 

 FE 

Unguided Guided 

RUD 
Unguided C1 C2 

Guided C3 C4 

 115 

3. Results 

No differences were found between the cycles of motion; thus, it was concluded that the 

motions were repeatable. A representative plot of a participant’s IHAs during an FE motion 

and the derived SDA are shown in Figure 2. When comparing the repeatability of both the 

position and orientation between the IHAs for uFE (1.8 ± 0.08°, 12.3 ± 2.0 mm) and gFE (1.7 120 

± 0.08°, 16.4 ± 2.9 mm) motions, constraining the motion reduced the variation in orientation 

(p = 0.02) but increased the variation in position (p = 0.03) for FE (Table 2). Differences were 

also seen in the repeatability of the IHA orientation between the uRUD (1.7 ± 0.08°) and gRUD 

(1.5 ± 0.08°) motions (p = 0.02).  

Table 2: Mean (standard deviation) within-participant variation in the position and 125 

orientation of the instantaneous helical axes for flexion-extension (FE) and radioulnar 

deviation (RUD). 

Motion Orientation 

repeatability (°) 

Positional 

repeatability (mm) 

Unguided FE 1.8  (0.08) 12.3  (2) 

Guided FE 1.7 (0.08) 16.4 (2.9) 

Unguided RUD 1.7 (0.08) 21.6 (2.2) 

Guided RUD 1.5 (0.08) 21.4 (2.8) 
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 130 
Figure 2: A representative plot of the instantaneous helical axes (IHAs) (coloured axes) of 

the wrist during flexion-extension in the transverse (A), coronal (B), and sagittal (C) planes, 

as well as an isometric (D) view. The black vector is the screw displacement axis that is 

derived from the IHAs. 

 135 

ANOVA testing showed a significant difference in the relative positions of the SDAs (p = 0.03). 

Specifically, the offset of the RUD SDA with respect to the FE SDA in C3 (0.1 ± 4.3 mm) differed 

from C4 (1.6 ± 4.0 mm; p = 0.02).  When comparing the angular difference between the FE 

and RUD SDAs, differences were again found with ANOVA (p < 0.001). Specifically, there were 

differences between C1 (53.2 ± 10.8°) and C4 (107.8 ± 17.7°), as well as C2 (67.5 ± 14.5°) and 140 

C3 (93.5 ± 16.0°) (p < 0.001). Figures 3 and 4 show representative plots of how the SDAs 

changed as the range of motion was expanded from the neutral pose, i.e., 0° FE and RUD.  

Guided motions had smaller ranges of motion than unguided motions during both FE (p < 

0.001) and RUD (p < 0.001; Table 3). Differences were found between the orientation of gFE 
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and uFE SDAs above the central ±30° range (p < 0.001). There were also differences (p < 0.001) 145 

between the orientation of gRUD and uRUD SDAs for all but the largest range. 

 
Figure 3: The orientation and position of the unguided (uFE) and guided (gFE) flexion-

extension screw displacement axes (SDAs) with ranges of motion varying between ± 15° and 

± 105° for a single participant. The black vector is the SDA that is derived from the IHAs for 150 

the entire range of motion. 

 

 
Figure 4: The orientation and position of the unguided (uRUD) and guided (gRUD) radioulnar 

deviation screw displacement axes (SDAs) with ranges of motion varying between ± 15° and 155 

± 30° for a single participant. The black vector is the SDA that is derived from the IHAs for 

the entire range of motion. 

 

Table 3: Mean (± one standard deviation) range of motion magnitude across all participants 

in flexion-extension (FE) and radioulnar deviation (RUD). 160 

Motion Mean range of motion (°) 

Unguided FE 137.5 (32.8) 

Guided FE 112.9 (35.9) 

Unguided RUD 64.0 (17.2) 

Guided RUD 43.8 (13.0) 
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4. Discussion 

The relative positional and angular offsets between the SDAs for the guided motions were 

statistically different from those for the unguided motions. Only C1 and C2 were not found to 

be statistically different from each other in either the positional offset or angular difference. 

This suggests that guiding FE has a greater effect on the relative position and orientation of 165 

the axes than guiding RUD. Constraining the plane of RUD does affect the relative orientation 

of the axes, but only if the FE motion is constrained. When considering how the axes change 

as the range of motion increased, it was found that the orientation of the FE SDAs differed for 

ranges of motion greater than ±45°. The RUD SDAs were different for all but the largest range 

of motion. This implies that guiding the FE motion has a greater effect on the path of the hand 170 

as the range of motion increases, whereas both gRUD and uRUD motions converge to a similar 

path as the range of motion increases. This is perhaps due to the mechanical axes of the wrist 

being oblique to the anatomical axes, in combination with the larger range of motion in FE 

(Crisco et al., 2011). A participant performing uFE may find it more difficult to determine when 

the wrist begins to ulnarly deviate, as compared to performing uRUD and determining when 175 

the wrist begins to flex or extend. Thus, imposing a constraint has a larger effect. 

The effect of constraints on the kinematics is corroborated by the variation in the IHAs when 

averaging them to form the SDA. The orientations of the axes were more uniform when the 

motion was guided, which was to be expected (Figure 3). While there was no statistical 

difference in the positional variation between gRUD and uRUD, the positional variation of the 180 

FE axis was larger, meaning that applying a guide causes the axis to shift. Both findings suggest 

that natural wrist motion is not planar, which corroborates previous conclusions about wrist 

motion (Crisco et al., 2011), and that using a guide changes the kinematics of the joint 

complex. Consequently, musculoskeletal models of healthy wrists should endeavour to use 
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axes defined in vivo. However, one reason for investigating the definitions of the wrist is for 185 

pathological joints and assessing wrist arthroplasty design, where the axis definitions for a 

healthy wrist are not available. Further research into the similarities between the axis 

definitions of the contralateral limb may offer a means of benchmarking kinematics for 

pathological wrists and investigating similarities in the axes across demographics may allow 

for axis definitions defined in vivo to be used as objectives in arthroplasty design. 190 

The data presented also elucidate some of the discrepancies in previously published data. C2 

produced axes that were similar to the findings of Andrews and Youm (1979) and Leonard et 

al. (2005), which employed planar rigs, whereas C3 was similar to those axes defined by 

Brumbaugh et al. (1982), in which participants were asked to perform the motion with a 

clenched fist. (Salvia et al., 2000) performed uFE and uRUD in their study and reported the 195 

positions of the axes relative to the capitate so a comparison of the offsets was not possible. 

However, the reported standard deviations in the positions of the axes were similar to those 

found in the relative axis positions of this study. The data suggest that the presence of guided 

or constrained motions, and not physiological differences, is the primary source of differences 

in the data presented in the literature. It is recommended that researchers define the axes of 200 

rotation specifically for their study or select axes from the literature that reflect the same 

level of constraint to avoid results being affected by unknown or different constraints. 

A limitation of this study is that optical motion tracking systems record the trajectory of the 

reflective markers and not specifically the segments to which they are attached, thus skin 

motion can affect the derived kinematics. Effort was taken to mitigate this, however; and 205 

previous research has shown optical motion tracking to be able to capture kinematics of the 

wrist accurately (Schmidt et al., 1999). Another limitation of this study is how sensitive IHAs 
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are to angular velocity. Part of this study was to investigate how the extremes of motion 

affected the position and orientation of the axis of rotation for the wrist. However, a 

minimum angular velocity was used to eliminate low quality IHAs. The extremes of motion 210 

feature lower velocity motions due to changes in direction and thus these extreme ranges 

may be under-represented in the final SDA. Differences in the position and orientation of the 

SDAs were found throughout the motion, however; so, the conclusions of the study remain 

reasonable. 

 215 

5. Conclusion 

The data presented in this paper show that constraining motion has a significant effect on 

the definition, both relative position and orientation, of the axes of rotation of the wrist, 

especially the FE axis. Thus, the use of functional axes of wrist motion derived from in vitro 

experiments, which often involve kinematic constraints, for in vivo applications, such as 220 

musculoskeletal modelling, is likely to be inappropriate. Furthermore, the data suggest that 

using cadaveric specimens to assess the ability of wrist arthroplasty to maintain joint 

kinematics may be inappropriate as the axes are likely to differ to those observed in vivo 
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